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1. OVERALL OBJECTIVE AND STA'i‘EHENT OF WORK

The overall objective of the proposed project is to investigate the
scientific  basiz for interspecies extrapolation of pharmacokinetic and
neurobehav:loral toxicity data. Direct measurements of blood and tissue
concentrations of halocarbons over time in two species “will be used to formulate
and validaté physiologically-based pharmacokinetic models for inhalation and oral
exposure. These models will be used for: (a) prediction of the time- -coutse of
blood and target organ levels in the absence of data; (b) interspecies
extrapolations (i.e. scale-up from smaller to larger laboratory animals and
gtmately -toman). A combined physiological pharmacokinetic toxicodynamic model -~
Jor inhalation exposure to halocarbons will also be developed and evaluated for

. -Lts ability to predict neurobehavioral effects under specified exposure
“conditions.

A series of experimeni:s, will be conducted to provide a pharmacokinetic
data base of interspecies comparisons and for formulation of physiologically-
based pharmacokinetic models. Adult male Sprague-Dawley rats and male beagle
dogs will be administered equal doses/concentrations of selected halocarbons.
Ingestion, inhalation and intravenous injection will be employed as routes of
administration. Concentrations of the parent compounds will be monitored in the
blood: (and "in some cases in the exhaléd breath) for appropriate periods during
and after exposures. The cumulative uptake from exposure .to each chemical will
be determined. Relative rates and magnitude of elimination,of the test chemicals
by metabolism and respiration will be evaluated. For investigating the relative
role of metabolism on the observed pharmacokinetics of volatile organic
compounds, trichloroethylene (TCE), dichloroethylene (DCE), and trichloroethane
(TRI) will be employed. Tetrachloroethylene (PER) and 1,1,2,2-tetrachloroethene
(TET) will be employed for analyzing the role of pulmonary extraction/
elimination. At least 2 doses and 2 vapor concentrations of each pair of test
compounds will be utilized.

In order to determine the tissue disposition of halocarbons in two
species, rats and dogs will receive equivalent exposures to halocarbons
intravenously, orally and by inhalation. Concentrations of the parent compound
in brain, -liver, kidney, hea¥rt, lung, skeletal muscle and adipose tissue will be
measured at select:ed intervals over timé, in order to provide an assessment of
the actual target orxgan dose for validation of physiologically-based model
development and inter-species correlations with toxicity. A second series of
tissue disposition experiments will be conducted to determine what_adjustments
in_administered dose are necessary to achieve equal brain levels of test
compounds in each specfes. An inhalation and oral exposure concentration will
be administered to the rat that ylelds a brain level .of halocarbon similar to
that seen in the previous experiments in the dog.

cally-~base armaco tic _models will be developed and
validated for oral and inhalation exposures to halocarbons, which will allow
accurate prediction of the concentration of halocarbons in blood and tissues over
time during and following exposure. Data from the direct measurements of blood
amd tissue concentrations will bc compared to simulated values calculated from
mass-balance differential equations comprising the model. Thereby, the accuracy
of the model can be tested and adjustments made where necessary to improve the
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model simulations. Models for inhalation and -oral exposures validated using
pharmacokinetic data in rats will be employed to predict blood and tissue
halocarbon concentrations in the dog. The accuracy of the model for this
Anterspecies__ extrapolation will be assessed by comparing ‘the predicted
concentrations to values determined experimentally for the dog.

The target organ concentration- will be correlated with the
neurobehavioral toxicity of inhaled solvents. The magnitude of CNs effects of
each solvent will be correlated with the target organ (i.e. brain) concentration,
as determined in the tissue upt:ake studies, at gach time-point. In this manner,
gba feasibilitv of toxicity. extrapolations between species based on a common
“target organ dose will be evaluated. Toxicodynamic models will then be developed
and validated for inhaled halocarbons To de relop this model, rat brain
‘halocatbon concentratfons will bé co.ielatéd with -the magnitude of
neurobehavioral effects in an appropriate equation and the validity of the.
equation tested. by comparison with actual experimental values obtained from
previous stages of the project. By incorporating predicted brain concentrations
from the previously validated physiologically-based pharmacokinetic model, a
combined physiological pharmacokinetic-toxicodynamic model can be developed.
This combined model may allow the prediction of toxicity from the interspecies
extrapolation .of pharmacokinetic data, and in simulations in the. absence of
experimental data.

II. INVESTIGATION OF THE RELATIVE ROLE OF METABOLISM IN THE PHARMACOKINETICS
OF INHALED HALOCARBONS.

One of the major objectives was to fully characterize the
pharmacokinetics of inhaled halocarbons during and following exposures, in order
to provide a pharmacokinetic data base for interspecies comparisons and. for

ormulation o ysiologically-based pharmacokinetic mode These studies have

been conducted with the Sprague-Dawley rat. These comprehénsive experiments will
provide the information necessary for the most efficacious design of experimental
protocols for the dog. This will aid in avoiding inefficient or redundant work
in the dog experiments, an important factor in View Of the high cost of
conducting experiments in dogs. Concentrations of the parent compounds were
monitored in the blood and in the exhaled breath for appropriate periods during
and after exposures in oxder to delineate uptake and e¢limination of the test
chemicals. These data were then subjected to pharmacokinetic analyses and
subsequéntly used in formulation of physiologically-based computer simulation
models.

A major route of elimination of halocarbons.is h_p_ggr' metabolism, If
metabolism- plays a significant role in the disposition and subsequent
neurobebavioral effects of these chemicals Mmm@m
should be moxe rapid ted onounced -CNS _depressant
action, as determined 1n subsequem: experimencg than_pooxly metabolized
halocarbous. 1In order to test this PREMISE, halocarbons with widely differing
propensity for metabolism were studied. Extensively metabiolized
trichloroethylene (TCE) and dichloroethylene (DCE) and poorly metabolized 1,1,1-
trichloroethane (TRI) were used. DCE and TRI are of comparable volatility, so
they would be expected to be eliminated similarly by the lung. Differences in
pharmacokinecics could therefore more likely bc attributed to differences in
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metabolisin. -While TCE and TRI are very similar structurally (differing.only in
a single double-bond), differences in both volatility and metabolism should be
reflectéd in the resulting uptake and' elimination of the test. chemicals.

LS - . P

For these inhalation exposures, the halocatbon was administered to
.unanesthetized male Sprague-Dawley rats previously prepared with an indwelling
carotid artery cannula. -These rats, weighing 325-375 g, inhaled the compound for
2" hr through a one-way breathing valve [in an inhalation exposure ¢system
previously deyeloped by ;his labotatory Repetitive samples of the separate
inhaled and ekhaled breath Streams, as well as arterial blood, were collected
_goncurrently and analyzed for the test compound., Respiratory rates and volumes -~
were continuously monitored- during -and following exposure, and were used in
conjunction with the pharmacokinetic data to characterize profiles of uptake and
“elimination. This experimental protocol has provided a unique approach by
combining direct measurements of the halocarbons TCE, TRI, and DCE in the exhaled
breath and blood simultaneously with detailed measurements of respiration. The
separation of the inhaled and exhaled breath streams by use of the one-way
breathing valvé afforded both sampling of the exhaled breath of halocarbon during
and following exposure and measurement of the aif flow in the breath stream. The
breathing valve has been used previously for monitoring respiration in
unanésthetized dnimals (Mauderly et al., 1979), but pharmacokinetic measurements
were not made using this system, In previously reported pharmacokinetic studies
of inhaled halocarbon in laboratory animals, direct determinations of the
exhalation of the solvent by individual animals during exposures were not made,
gi, as most of these studies employed dynamic or closed exposure chambers. Emphasis N
. on the pharmacokinetic measurements of these halocarbons has focused primarily

on measurements following the terminatfon of exposure. Also, parameters of

respiration were not monitored in these experiments. Accurate determination of

the total amount of chemical absorbed or eliminated by inhalation requires

monitoring of respiratory parameters. In the present study, measurement of

halocarbon uptake was accomplished by calculation from either the blood level

data or the exhaled breath data in conjunction with the monitored respiratory i

parameters.
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III. STUDIES OF THE PHARMACOKINETICS OF INHALED TRI IN RATS

Studies of the pharmacokinetics of TRI in rats during and following :
inhalation exposure, including the validation of a PBPK model for TRI .
pharmacokinetics, have been completed. The results have been published in a
respected peer -reviewed scientific journal. The reprint is included as Section
A of the Appendix (and listed in Appendix M), and the reference is as follows: '

Dallas, C.E., Ramanathan, R., Muralidhara, S., Gallo, J.M., and
Bruckner, J.V. "The wuptake and elimination of 1,1,1-
trichloxoethane (TRI) during and following inhalation exposure in
rats. Toxicolo d Applied macology 68: 140-151 (1989).

It was found that TRI was very rapidly absorbed from the lung, in that
substantial levels were present in arterial blood at the first sampling time,

cz: (i.e., 2 min). 7RI blood and exhaled breath levels increased rapidly after the

initiation of exposure to near steady-staic within approximately 20-45 min and R
were then directly proportional to the exposure concentration. Percent uptake .
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decreased over time during inhalation exposures until equilibrium was established
by-1 hr, after which % uptake of the inhaled dose was approximately 50% for both
exposure groups. Total cumulative uptake of 5C and 500 ppm TRI over the 2-hr
JInhalation. exposures was determined to be 6 and 48 mg/kg bw, respectively. By
the end of the exposure period, 52.5 and 56.3% of the total inhaled dose was
eliminated in the breath of the low and high dose groups, respectively. A
physiological pharmacokinetic model for TRI inhalation was utilized to predict
blood and exhaled breath concentrations for comparison to observed experimental
valués. Overall, values predicted by the physiological pharmacokinetic model for
TRI: levels in the blood and exhaled breath were in close agreement with measured
yalues both- during and following TRI inhalation. While TRI exhaled breath lévels

In rats in this study were comparable to those.measured previously in humans,
blood levels of TRI were not equivalent in rats and in man. It was therefore.

“toncluded that the_ rat may be a potential useful model for TRI respiratory

elimination in man.
1v. STUDIES OF THE PHARMACOKINETICS OF TCE FROM INHALATION EXPOSURE IN RATS

A second paper on the ;pharmacokinetics and PBPK model validation for
inhaled halocarbons has been completed, and it describes the uptake and
disposition of trichloroecthylene (TCE) in rats during the following inhalation
exposure. This paper is currently in press at a peer-reviewed scientific
Journal. The galley proof is included as Section B of the Appendix (and listed
in Appendix M), and the reférence is as follows:

Dallas, C.E., Gallo, J.M., Ramanathan, R., Muralidhara, S., and
Bruckner, J.V. "Physiological pharmacokinetic modeling of
inhaled trichloroethylene in rats." In press, Toxicology and
Applied Pharmacology (1991).

In this study, the effect of the saturation of the metabolism of TCE
during inhalation exposures on the subsequent pharmacokinetics of the compound
was evaluated. TCE exhaled breath levels were found to have increased rapidly
after the initiation of exposure to near steady-state within;approximately 20-30
min and were then directly proportional to the exposure concentration. Uptake
of TCE in the blood was also rapid, but blood levels continued to increase
progressively over the course of the inhalation exposure at both dose levels.
Arterial TCE concentrations were mnot proportional to the- inhalation
concentration, with levels for the 500 ppm group from 25-30 times greater than
in 50 ppm-exposed rats during the second hour of the exposure. Percent uptake
was nearly complete at the initiation of inhalation exposure and decreased
rapidly thereafter until equilibrium was established by 1 hr, after which %
uptake-of the inhaled dose was approximately 69-72% for both exposure groups.
Total cumulative uptake of 50 to 500 ppm TRI over the 2-hr inhalation exposures
was determined to be 8.4 and 73.3 mg/kg bw, respectively. The direct
measurements of TCE in the blood and exhaled breath were utilized in the
validation of a physiological pharmacokinetic model of the prediction of the
pharmacokinetzics of 4inhaled TCE. Results from this study indicate that
metabolism of TCE is saturable between 50 and 500 ppm exposure in rats, resulting
in disproportionately higher blood levels above the saturation point. At doses
below this metabolism saturation point in rats, blood and exhaled breath levels
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of TCE in rats were very similar (:o vaLugs previously gub]isi\ed .for TCE .
{ inhalation exposures in humans: t

V. . STUDIES OF THE PHARMACOKINETICS OF INHALED DCE IN RATS

An -investigation of the uptake, disposition, and elimination of 1,1-
dichloroethylene (DCE) has also been completed for inhalation and.oral expusures
in rats. These results were presented at thé most recent meeting of the Society ;
of Toxicology in March, 1988, The reference for these studies (also listed in .
Appendix M) as presented in the abstract is-as follows: . ,

PP . oo
- Dallas, G.E., Ramanathan, R,, H\n:alidhara, ., Gallo, JiM., and
i Bruckner, J.V. "Comparative pharmacokinetics of inhaled and
’ 1ngest:ed 1,1-dichloroethylene (DCE) in rats." 27th Annual
Meeting of the Society of Toxicology, Dallas, TX; Toxicologist 8:

139 (1988).

A manuscript from this data with the same authors and title has been
Jprepared for submission to.a peer- -reviewed scientific journal. 1t is included .
in the Appendix as Section'G, and the reference for the manuscript (also listed
. in Appendix M) is:

! Pallas, C.E., Ramanathan, R., Muralidhara, S., Gallo, J.M., and Bruckner,
J.v. "Comparative pharmacokinetics of inhaled and ingested 1, 1-
dichloroethylene in rats." (to be submitted to Toxicolo

Pharmacology, 1991).

In this study, the uptake, disposition, and elimination of DCE were

determined during and following 100 and 300 ppm inhalation exposures for 2 hours.

Oral exposures to DCE were investigated utilizing 10 and 30 mg/kg doses

administered as either a) a single oral bolus; b) a-gastric infusion for 2 hours;

or ¢) three equally divided bolus doses over a 2 hour period. Significant

' respiratory elimination of unchanged DCE was evident during the inhalation

i exposure perlod, with steady-state DCE levels achieved in the exhaled breath

within 20 min at both dose levels. DCE respiratory elimination was proportional

| to the inhaled concentration during exposure. As a result of the 2-hr exposure

to 100 ppm DCE the' cumulative uptake was 3.3 & 0.3 mg (x * SE), or 10 mg/kg bw.

The total cumulative uptake of DCE from the 2-hr exposure to 300 ppm was 10.2 &

0.6 mg (X * SE), or 30 mg/kg bw. Percent uptake of DCE during inhalation

; exposure was similar in magnitude at both exposure concentrations. The magnitude

of pulmonary elimination was proportional to the inhalation exposure
concentration,

]
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Arterial DCE concentrations, however, were not proportional to the
inhalation concentration. After the initial rapid uptake phase over the first
20 minutes of exposure, blood levels for the 300 ppm-exposed rats were 4 to 5
times higher than DCE blood concentrations of rats that received 100 ppm
expostves. The maximum blood levels achieved during single oral bolus or gastric
infusion administration were also not proportional to the administered dose. As
with the inhalation exposures, these blood values -for the high dose group were ,

@ at least 4 to 5 times higher than for the low dose group of both oral ’ ’

adninistrative routes. The Cmax achieved for the multiple bolus administration

R

_k“ SRR IS LU ST T




6

of 30 mg/kg, however, was nearly 9 times more than that achieved - following 10
ng/kg:

. The AUC values for. the single bolus and. gastric. infusion groups were
similar at both dose levels (nearly idencical for the high dose) These oral
administration values-were only 60-80% of the corresponding inhalation AUCs. The
<bioavailabilit:y (F) of DCE was determined. by the ratio of the AUG value of
each experimental group to the corresponding dose administ:ered by intravenous
administration. The high dose groups’consistently had a- ‘higher'F than the.
groups administered the low dose: of DCE by any of the exposure routes. At
l}gt:hj:he ‘high and low doses, F was higher for-animals inhaling DCE than for
orally administered rats.

'VI. "TSTUDIES OF THE PHARMACOKINETICS OF INGESTED.TRI, TCE, AND DCE

A variety of halocarbons and other VOCs have been identified as
contaminants of food .and drinking water supplies in the U.S. (Symons et al.,
1975; NOMS, 1977). Somé of the halocarbons most commonly identified in water
supplies are 1,1-dichloxoethylene (1,1-DCE), t:richloroethylene (TCE), and 1,1,1-
trichloroethane (TRI) As indicated previously, in addition to being important
as environmental contaminants these agents have been selected for investigation
in order to evaluate-the relative role of the saturation of metabolism of the
compounds after exposure. Emissions from product manufacturing, usage
activities, and spills are though to be primary sources of these halocarbons in
water supplies. Recently, the contamination of drink watey supplies by the

eakage of solve storage tanks a emical waste dumps. has become of
significant concern. There are large numbers of solvent and fuel storage tanks
in the nation, many at U.S. Air Force facilities. As the majority of these are
located undergtound leakage of solvents into groundwater supplies can proceed
undetected- for Vears.

Despite the potential public health significance of halocarb.n ingestion
from contaminated drinking water supplies, therxe ese insufficient
information avajilable concerning the systemic absorption and disposition of these

d_other halocarbons follow theiyx o administration. Most studies have
involved admiriistration of !*C-labeled halocarbons and measurement of levels of
radioactivity at a single time-point following dosing, thought (his approach
precludes delineating between parent compound and metabolites. Wrile blood and
tissue levels of halocarbons have usually been measured only 2 or 3 days after
oral dosing, ingestion of cexrtain halocarbons has been shown to result in
pronounced cytotoxic effects within minutes or hours of ingestion (Moore et al.,
1976; Lowrey et al., 1981; Luthra et al., 1984), Thus it is important to know
the extent of systemic absorption and disposition of halocarbons in the body
during the period immediately following ingestion. Therefore, investigations
toward this end were initiated by this laboratory during a previous grant effort,
resulting in preliminary data on ingested DCE (Putcha et al., 1986) and TCE
(D’'Souza et al., 1985). These studies were conducted in rats anesthetized with
ether, with the compound administered with polyethylene glycol as a dosage
vehicle. A major goal of these studies was to compare pharmacokinetics of the
compounds in fed and fasted animals, in which it was found that food appears to
delay the absorption of the halocarbons from the gut. The biocavailability of
these agents was equivalent in animals given the same dose by oral or intravenous

PRENR

&

[




.

7
administration. Therefore, it is apparenc that absorption of the orally
administered halocarbon - is. complete.

. In the present investigation, the halocarbon used as test-chemiéals were
administered to unanesthetized rats. The disadvantgges -of using snesthesia
during chemjcal exgosuges wére thgs avoided. Anesthetics such as phenobarbital

and dimethyl. ether are known to. ivhibit the metabolism of drugs which are
biotransformed by the hepatic mixed function oxidase system (Johanssen et al.,

1981} Vermeulen et al., 1983). It is possible that use of anésthesia may alter
the metabolism and kinetics of halocarbons during exposure. Accordingly, we
ut:ilized an unanesthetized animal model approach in order to be certain that the
ﬁalocatbon pharmacokinetic results obtained were representative of kinetics in

unanesthet:ized relatively unstressed animals.

As anesthetics have a potential to affect respiration rates and volumes,
they could alter the. quantity of test chemical which is elimindted. For
evaluating the oral pharmacokinetics of chemicals like halocarbons, this can be
a very important factor since halocarbon elimination in the breath has been shown
to be a significant factor following halocarbon ingestion (Chieco et al., 1981;
Dallas et al., 1986). Increased or decreased respiration may alter the rat:e and
magnit:ude of t:he respiratory excretion of the halocarbon, thus affecting systemic
kinetics as well, Other problems such as anesthetic-inducéd fluctuations in body
temperature would also be avoided by use of an unanesthetized animal model.
Significant changes in body:temperature have an impact on enzyme systems that can
alter the metabolism and pharmacokinetics of certain chemicals. While core
temperature can be monitoxed and periodically readjusted with a heating pad for
anesthetized -animals, some changes are inevitable with the system.  Also,
possible competitive metabolic inhibition and alteration in transport processes
by anesthetics are avoided in an unanesthetized model.

Studies of the dose dependence of the pharmacokinetics of ingested DCE
in unanesthetized rats have been completed. These results were presented as part
of the Society of Toxicology abstract previously cited on page 5. Previous
studles of DCE in rats have indicated that lethality (Andersen and Jenkins, 1977)
and hepatotoxicity (Andersen et al., 1979a) have abrupt increases in response
over a definite range of DCE exposure concentration. Saturation of the metabolic
activation of DCE.is belleved to occur due to depletion of glutathione, leading
to this sudden.increase in toxicity. This capacity of the rat to metabolize DCE
may have been exceeded by a single oral dose between the range of 50 to 100 mg/kg
(Andersen and Jenkins, 1977; McKenna et al., 1978). 1In the studies thus far
completed, ‘the pharmacokinetics of DCE in unanesthetized rats have been evaluated
over a range of doses below this perceived metabolic saturation point for DCE
ingestion, with additional dose studies expected to exceed DCE metabolism in the
rat to be conducted later.

In order tc procure repetitive blood samples following administration of
single oral bolus ‘loses of halocarbons to unanesthetized rats, an indwelling
arterial cannula was surgically implanted prior to the halocarbon exposure. The
cannula was tunneled subcutaneously to the back of the animal and exited just
behind the head. The cannula was extruded through a steel spring that was
attached to the back of the animal by a harness. After the surgery was complete,
the animal was placed into a metabolism cage to recover for 24 hours before
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halocarbon dosing. The steel spring was exited through, the top of the cage and
connected to a counter-balance weight system, which prevented the ani-al from
interfering with the cannula but allowed relative freedom of mo

* The fats were given the halocarbon in an aqueous Emulphor emulsion as a
single oral bolus dose of 10 and 30 mg/kg DCE. Blood samples were taken from the
carotid artery cannula for up to 5 hours following the oral dose. The halocarbon
content of the blood samples was measured with a gas chromatograph equipped with
a semi-automatic headspace sampler and an electron capture detector.

'faﬁiﬁia:

- — cL = Dose

where of°°Cdt is the are under the blood concentration versus time curve (AUC)
of 1,1-DCE.

Apparent volume of distribution (Vg) was calculated using the formula:
Dose
Bo,

Vo =

The biological half-life (ty) of 1,1-DCE was calculaved by the formula:

L - 0693
"B

where B is the terminal elimination rate constant.

The volume of distribution of the central compartment (V.) was calculated
using the formula:

v, » Dose
P+A+B
where P, A, and B are the O-time intercepts of the three exponential phases of
the blood concentration versus time curves.

The blood concentration-time profiles for the oral administration of DCE
in unanesthetized rats are shown in Fig. D-1. DCE was very rapidly absorbed from
the gut, as peak blood levels of DCE were reached within 4 minutes after oral
bolus dosing. Comparison of the pharmacokinetic parameters between the low dose
groups are shown in Table D-1, The maximum blood concentration (C-MAX) reached
following 30 mg/kg dosing was 4.3 times that achieved following oral
administration of 10 mg/kg. Comparing the area-under-the-blood-concentration-
time curve (AUC) also indicated a disproportionate difference of 4.7 times
between the two dose groups. The elimination half-lives (t)s) were similar at the
two dose levels, however. Both the apparent clearance and volume of distribution
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of the 30 mg/kg dose group were approximately two-thirds that of the 10 mg/kg
group. Compared to the previous data from the oral administration of DCE in
anesthetized rats by this laboratory (Putcha et al., 1986), the terminal
elimination s and AUC were lower in the current investigation with
unanesthetized rats. Using a2 10 mg/kg dose in both studies as an example, the
mean ths and AUC wvexe lower in the current investigation with unanesthetized rats.
Using a 10 mg/kg dose in both studies as an example, the mean th and AUC values
for the anesthetized rats were 181 ug-min/ml and 78.2 minutes, respectively,
shile these two parameters for umanesthetized rats were 50.5 pg-min/ml and 50
minutes, respectively. These differences, however, might not be attributable
oply_to.the use of anesthesia. The previous study with anesthetized: rats “also
‘employed 508 zqueous polyethylene glycol (PEG) 400 as a diluent, while an aqueous

@mlsiﬂ: (emulphor) was used in the present investigation.

The investigation of the pharmacokinetics of TRI following oral
administration as a single bolus in unanesthetized rats has also been completed.
These results were presented at the most recent meeting of the Society of
Toxicology in Dallas, Texas. It is intended that this study will be combined
with the results of experiments currently underway involving the intravenous
administration of TRI for the submission of 2 manuscript to a peer-reviewed
journal by the end of the year. The reference for the study of orally-
administered TRI (also listed in Section M of the Appendix) as presented in the
abstract is as follows:

Muralidhara, S., Ramanathan, R., Gallo, J.M., Dallas, C.E., and
Bruckner, J.V. "Pharmacokinetics of volatile halocarbons:
Comparison of single orai bolus versus gastric infusion of 1,1,1-
trichloroethane (TRI)."™ 27th Annual Meeting of the Society of
Toxicology, Dallas, TX; Toxicologist 8: 95 (1988).

The experimental protocol for this pharmacokinetic study of TRI was similar to
that conducted for DCE. Due to the longer half-life of TRI relative to DCE,
though, sampling for ingested TRI was conducted for longer intervals of time (up
to 480 minutes after a single oral bolus administration).

Measurements of the systemic uptake, disposition, and elimination of TRI
after Ingestion in the unanesthetized rat is shown in Fig. D-2. TRI was
administered as a single oral bolus dose of either 6 or 48 mg/kg, and samples of
arterial blood taken periodically from an indwelling carotid artery cannula and
analyzed for TRI by gas chromatography. Samples were taken frequently in the
first minutes following the oral dose in order to characterize the very rapid
uptake of ingested TRI into the systemic circulation. Arterial blood levels
reached a peak 8 to 12 minutes after oral dosing and declined relatively quickly
thereafter. The pharmacokinetic parameters for the two dose groups are shown in
Table D-2. There was a distinct linear relationship between the maximum blood
concentration (C-MAX) achieved from the two doses employed. The AUC values vere
also approximately proportionate to the administered dose. As was seen for DCE
previously, the elimination half-life of TRI was nearly identical for both dose
groups (112-115 minutes). -Even though DCE and TRI have a similar characteristic
volatility (blood:air partition coefficient near 5), the disappearance of
ingested DCE from the blood occurs more than twice as fast as does the
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Gicappearance of ingested TRI. This can be attributed’ tonthe high rate of
metabolism of DCE relative to poorly metabolized TRI.

. - Studies of the pharmacokinetics of ingested TCE have also been conducted.
Results from these experiments were also presented at the -ost“recent: -eeting of
the Society of Toxicology earlier this year. The refererce\for this study (also
listed in Section M of the Appendix) as presented in the abstract ~ls as follows:

Ramanathan, R., Muralidhara, S., Gallo, J.M., Dallas, C.E., and

.. Bruckmer, J.V. "Pharmacokinetics of volatile halocarbons:

.zszw+~Comparison of single oral bolus versus infusion -of

trichloroethy’ene (TCE).® 27th Annual Meeting of the Society:of
\Toxicology::oallas, TX; Toxicologist 8: 94 (1988).

Lt ,&

The same procedure was.employed for. ICE ,determination after oral exposure as were
used previously for DCE and TRI. A single oral bolus of 8 and 76 mg/kg TCE was
administered to unanesthetized rats with an indwelling carotid arterial cannula.

The TCE blood concentration-time profile following oral administration
is shown in Figure D-3. As was previously observed with DCE and TRI, blood
levels of TCE rose quickly after oral dosing to indicate rapid absorption from
the gastrointestinal tract. Peak arterial blood levels were reached 8-12 minutes
after the single oral bolus dose. The pharmacokinetic parameters for the oral
administration of TCE are shown in Table D-3. The AUC for the 76 mg/kg group was
22 times that seen after 8 mg/kg. Due to the known capacity for TCE to saturate
the metabolism of the rat with a sufficient dose,, this is an indicator that TCE
metabolism is possibly saturated by a single oral.bolus dose between 8 and 76
mg/kg. Unlike DCE and TRI, which each had similar elimination half-lives (t%)
for dose levels of 3 and 8 fold difference:in magnitude, tespeccively, the tks of
TCE was significantly different for the two dose groups:. The 76 mg/kg group
demonstrated as approximate 50% increase in tl relative/to the 8 mg/kg group.

VII. EVALUATION OF THE RELATIVE ROLE OF PROPENSITY FOR RESPIRATORY ELIMINATION
ON THE PHARMACOKINETICS OF INHALED HALOCARBONS

In the initial phase of this research effort, a series of. .studies were
conducted to evaluate the relative role of hepatic metabolism on’/the subsequent
pharmacokinetics of inhaled halocarbons. Extensively metabolized
trichloroethylene (TCE).and dichloroethylene (DCE) and poorly metabolized 1,1,1-
trichloroethane (TRI) were used. While TCE and TRI are very similar scruccurally
(differing only in a single double bond), differences in both volatility and
metabolism were reflected in the resulting uptake and elimination.of the test
chemicals, It was important to eliminate the propensity for volatility as a
factor in this focus on the impact of metabolism. DCE and TRI are of comparable
volatility so they were expected to be eliminated similarly by the lung. The
reported differences in pharmacokinetics were therefore more 1likely to be
attributed to differences in metabolism. In this next phase of the research
effort, this factor of the propensity for respiratory elimination (due to_the

cteris vol of specific ocarbons) was investigated.

As a class of chemicals, halocarbons have low solubility in blood and
high volatility (i.e. low blood:air partition coefficients), as well as rapid
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vascular-alveolar transfer. Thus, a substantial proportion of.the blood’s burden
of halocarbons should be removed at eachpass through the lungs. It follows that 7
halocarbons with low blood:alr partition coefficients should be wore efficiently
i e ed CN ressant on locarb

with relatively hi tion ficjents. In order to test this premise,
tetrachloroethylene (PCE) and 1,1,2,2-tetrachloroethane (TET) will‘be utilized.

Both are poorly metabolized (Ikeda and Ohtsuji, 1972) and have similar oil:blood
(i.e. fat/blood) partition coefficients, but PCE has a much lower blood:air
partition coefficient (Sato and Nakajima, 1979). In this way, the factors of
lipophilicity and propensity for hepatic metabolism are accounted for.
@erefore,-dxfferences in the pharmacokinetics between PCE and TET in this = -
'experment:al design are more likely to be attributed to differences in
‘Eespxgitory elimination.

For these inhalation exposures, the halocarbon was administered to
unanesthetized male Sprague-Dawley rats previously prepared with an indwelling
carotid artery cannula. These rats, weighing 325-375 g, inhaled the compound for
2 hr through a one-way breathing “valve in an inhalation exposure system
previously developed by this laboratory (see schematic for the inhalation
exposure system in Fig. E-1). Repetitive samples of the separate inhaled and
exhaled breath streams, as well as arterial blood, were collected concurrently
and -analyzed for the test  compound. Respiratory rates and volumes were
continuously monitored during and following exposure, and were used in
conjunction with the pharmacokinetic data to characterize profiles of uptake and

( elimination. This experimental protocol has provided a unique approach in this

present study by combining direct measurements of the halocarbons PCE, TCE, TRI,
and DCE in the exhaled breath and blood simultaneously with detailed measurements

of respiration. The separation of the inhaled and exhaled breath streams by use
of the one-way breathing valve afforded both sampling of the.exhaled breath for
halocarbon during and following exposure and measurement of the air flow in the
breath stream. Emphasis on the pharmacokinetic measurements of these halocarbons
in previous studies has focused primarily on measurements following the
termination of exposure. Also, parameters of respiration were not monitored in
these experiments. Accurate determination of the total amount of chemical
absorbed or eliminated by inhalation requires monitoring of respiratory
parameters. In the present study, measurement of halocarbon uptake was
accomplished by calculation from either theblood level data or the exhaled
breath _d.ata in conjunction with the monitored respiratory parameters.

SN

VIII. STUDIES OF THE PHARMACOKINETICS OF PCE DURING AND FOLLOWING INHALATION
EXPOSURE IN RATS

Toward this goal of investigating the relative role of the characteristic
volatility of a halocarbon on its pharmacokinetics, thé uptake, disposition, 'and
elimination of perchloroethylene (tetrachloroethylene, ox PC s been completed
In the rat. The results of this study, together with the PBPK model simulations
for inhaled PCE (described in Section XV), were presented at the 28th annual
meeting of the Soclety of Toxicology in Atlanta, Georgia in March, 1989. A
manuscript from this work is also in preparation for submission to a peer-
reviewed journal this fall. The reference for this study (also listed in

@ Appendix M) as presented in the abstract is as follows: ,
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Dallas, C.E., Ramanathan, R., Muralidhaia, S$., Gallo, J.M., Manning,
R.0., and Bruckner, J.V. *Direct measurements of perchloroethylene in
the blood and exhaled breath of rats during and following inhalation
. . exposure.” 28th Annual Meeting of the Society of Toxicology, Atlanta,

GA; Toxicologist 9: 78 (1989).

Specific. objectives of this study were to: 1) provide accurate direct
measurements of the respiratory uptake and elimination of PCE during and
fo].l;".:ing inhalation exposures by simultaneously neasuting PCE in the blood and
«canaled breath; 2) d ne the total dose o bsorbed systematical
{gunulative uptake) during 2-hour inhalation’ exposutes using inhaled and exhialed
breath determinations and the monitored volumes of respiration; 3) assess the

. gfect of a 10-fold difference in exposure cencentration (50 and 500 ppm) on PCE
“uptake and elimination from the blood, total- cumulative uptake, and elimination
in the breath; 4) validate a gh!siologica’uy-bas d pharmacokinetic PK)_model
for PCE inhalation by comparing computekr simulations of PCE_ uptake and
-elimination_with_experimentally observed values. Fifty or 500 ppm PCE was
inhaled for 2 hr through a one-way breathing valve by -unanesthetized rats of 325-
375 g (as described in detail in Appendix A). Repetitive samples of the separate
inhaled and exhaled breath streams, as well as arterial blood, were collected
during and following per inhalation and analyzed by gas chromatography.

In order to calculate the total received dose of PCE during inhalation
exposures, the respiration of each animal was continuously monitored, The
respiratory monitoring technique was conducted according to the methods
previously published in solvent exposure studies by this laboratoxy (Dallas et
al., 1983, 1986 and 1989). The airflow created by the animal’s inspiration was
recording both during and following PCE inhalation exposure in terms of minute
volume (volume of respiration per minute, Vgj, respiratory rate (f), and tidal
volume (Vr). An average value for these parameters for each individual animal
was obtained by averaging the measurements taken at 15-min intervals during the
2-hr exposure. The mean # SD of these average values for the 500 ppm exposure
group (n=6) were: Vg = 189 4 21.5; £ = 119.1 & 22.4; V; ~ 1,62 + 0.34. The mean
+ SD for these average values for the 50 ppm exposure group (n=6) were: Vg = 216
+43.1; £~ 134.5 % 14.9; Vp = 1.67 + 0.36.

Significant respiratory elimination of unchanged PCE was evident during
the inhalation exposure period, with near steady-state PCE levels achieved in the
exhaled breath within 20-30 min. These near-steady state-concentrations were
approximacely 2.1-2.4 pg/ml in the exhaled breath of the 500 ppm exposed rats
(Fig. 2, Appendix E, or Fig. E-2). In the .50 ppm inhalation exposure group,
these exhaled breath levels at near-steady state were in the range of 0.20-0.22
pg/ml (Fig. E-3). PCE was readily absorbed from the lung, in that substantial
levels of PCE were present in the arterial blood at the initial sampling time (2
min). Unlike the exhaled breath data, .the concentration of PCE in the blood
progressively increased over the course of the 2-hr exposure in both exposure
groups. The rate of increase was greater in the 500 ppm (Fig. E-4) than in the
50 ppm group (Fig. E-5). Arterial PCE concentrations were not proportional to
the inhaled:concentration, After the initial rapid uptake phase over the first
30 minutes of exposure, blood levels in the 500 ppm rats were 12 to 17 times
higher than 50 ppm rats. Measurement of the cumulative uptake of PCE by the rats
was wade by accounting for the quantity of unchanged PCE that was exhaled during
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the inhalation exposure period. The tal cumulative uptake of PCE from the 2-hr
exposure.-to :S00 ppm (Fig. E-6) was 28.1 + 4.3 ng (x £ SD), or 79.9 mg/kg bw. The
2-hr exposure to 50 ppm ECE (Fig. E-7)- Tesulted in acumulative uptake of 3.9 %
0.9-mg (x & §D), or 11.2 mg/kg bw.

IX. STUDIES OF THE PHARMACOKINETICS OF PCE FOLLOWING ORAL ADHINISTRATIO".; IN
PATS

Due to the pof:em:ial for halocarbon exposures in humans to occur dué to
the ingestion of contaminated drinking water supplies, oral administrations of

RCE Jn_rats have also been conducted, Em{ssions from product manufacturing, -
‘usage activities, and spills are thought to be primary sources of halocarbon
. contamination of water supplies. Recently, the contamination of drinking water

'sugglfé’s by the leakage of solvents from storage tanks and chemical waste dumps

has become of significant concern. There are large numbers of solvent and fuel
storage tanks in the nation, many at U.S. Air Force facilities. As the majority
of these are located underground, leakage of solvents into groundwater supplies
can proceed undetected for years. Despite the potential public health
significance of halocarbon ingestion from contaminated drinking water supplies,

there is presently insufficient information available concerning_the systemic
absorption and disposition of these and other halocarbons foLLowing theix oral

administyration.

One of the primary objectives of this study was to examine the uptake,
disposition, and elimination of ingested PCE over a wide range of concentrations.
The trangition from linear to non-linear kinetics is important in dose-response
relationships and in toxic responses. Certain physiological and biochemical
processes are linear over a wide range of substrate concentrations. Diffusion
of lipophilic halocarbons across cellular membranes is a pertinent example of
such a process. Other processes including solubility in the blood and microsomal
enzyme metabolism are saturable. When the dose of halocarbon exceeds the
capacity of these processes, there is a transition from linear to nonlinear

pharmacokinetics. Under such conditions, there is no longer a 1linear
relationship between administered dose-exposure level and blood/target
concentrations. oportionatel blood/target organ concentrations and

ccentuated toxicity are characteristfc of nonlinear kinetics.

An investigation in to the role of dose level on the pharmacokinetics of
ingested PCE has been completed {n rats. The results of this study wexe
presented as part of a presentation at the Society of Toxicology meeting in
March, 1989-in Atlanta, GA. The reference for this study (also listed in Section
M of the Appendix)as presented in the abstract is as follows:

Ramanathan, R., Muralidhara, S., Dallas, C.E., Gallo, J.M. and Bruckner,
J.V. "Influence of the pattern of {ngestion on the pharmacokinetics of
pexchloroethylene (PER) in rats." 28th Annual Meeting of the Society of
Toxicology, Atlanta, GA; Toxfcologist 9: 78 (1989).

In order to procure repetitive blood samples following administration of
single oral bolus doses of halocarbons to unanesthetized rats, an indwelling
arterial cannula was surgically fmplanted prior to the halocarbon exposure. The
cannula was tunneled subcutaneously to the back of the animal and exited just
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behind the head. The cannula was extruded through a steel spring that was
attached to the back of the animal by a hamess. After the surgéry was complete,
the animal was placed into a net:abolism cage to recover for 24 hours before
halocarbon dosing. PCE was given orally to unanesthetized male Sprague-Dawley
rats in an agueous Emulphor emulsion as a single bolus in doses of 10; 25, 50,
and 100 ng/kg. Blood samples were collected from an indwelling carotid art:erial
cannula for up to 12 hours post administration. The blood samples were analyzed
for PCE using a GC-ECD head space technique.

Absorption of PCE from the gut was very rapid, wit:h peak blood levels
achievgd within 20 minutes of the oral admihistration for all four dose groups
"ﬂ-"ig. E-8). Elimination of the halocarbon in the blood proceeded at a similar

. rate at each dose level,:with the elimination curves roughly parallel up to 12

‘hours~Tollowing the oral bolus, When considering all four dose groups, the
maximum blood level achieved after the oral bolus (Cmax) was not directly
proportional to the dose level. 1Indeed, the 100 mg/kg dose group demonstrated
an average Cmax that was only slightly higher than the mean value for the 50
mg/kg dose group. The Cmax levels for the 10 and 25 mg/kg groups, however,
appeared to be somewhat more propor::lonal to the dose level. A comparison of the
area-under-the-blood-concentration-time-curve (AUC) between the four dose groups
«(Fig. E-9) reveals a linear relationship-in AUC relative to dosage level between
10 and 100 mg/kg PCE. Fitting an equation for a regressioch analysis between
these four points resulted in an R-square of .0.998, which would be a
significantly good fit for a linear equation.

X. DEVELOPMENT OF AN ASSAY FOR HALOCARBON:CONCENTRATIONS IN TISSUES

Although knowledge of the deposition of chemicals in target tissues is
of major importance in xisk assessment, PBPK models have to date been used
primarily to-forecast uptake and elimination of VOCs from the bloodstream. Blood
concentration over time, as a measure of bioavailability, is routinely accepted
as-an index of the level of chemical in the body, and therefore a representative
index of toxic effects. This assumption can be_misleading, in that blood
concentrations may not be reflective of. the concentration of chemical or active
metabolite at the local site of effect in a. tacget tissue. Thus, a more logical
measure of target organ exposure ls the area under the tissue versus time curve
for the reactive chemical (Andersen,-1987). Relatively little has been published
on the use and validation of PBPK models for prediction:of time integrals of
tissue ekposure to VOCs, because of a paucity of tissue congentration versus time
data sets. This lack of-a data base is due tc the considerable effort required
in such studies and to technical problems with quantitation of the volatile
chemicals in solid tissues. For example, the only tissue datu Reitz et al,
(1988b) had ‘to use for validation of their PBPK model were levels of
radioactivity measured by Schumann et al, (1982) in the liver and fat ¢f mice and
rats at the termination of 6-hour inhalation exposures to 4C.TRI.

It has therefore been a goal of this project to develop-an accurate assay

the diyect measurement o e ocarbo e tissues of  exposed
animals. These measurements will be of significant utility for the validation
of PBPK models for the prediction of halocarbon pharmacokinetics. Each

compartment of the model can therefore be represented (and validated) by a tissue
that is sampled in a laboratory experiment. Compartments that are single organ-
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specific like the liver, kidney, and brain would be directly represented.
Predictions for a physiologically -generalized compartment, such as the one that
has been utilized for "poorly perfused® tissues, would be validated by
measurements.from a ‘representative tissue group, the muscle tissues.

A technique for the analysis of halocarbons in tissues has _now_been
successfully developed and employed in tissue measurement in several experiments.

This technique has been compiled in a manuscript and submitted to a peer-reviewed
journal simultaneously with the submission of this final report. This manuscript
is-included as Section F of the Appendix, and the reference is as follows;
P s .

Chen, X.M., Dallas, C.E., Muralidhara, ‘S., Srivatsan, V., and

) ; «Bruckner, J.V. "Determination of volatile short-chain aliphatic

halocarbons in animal tissues.”™ Now being submitted to the

Journal of Environmental Pathology, Toxicology, and Oncology
(1991).

Extensive analyses have been conducted to determine the efficiency of the
measurements for both PER and TET in the following tissues: brain, liver,
kidney, lung, fat, heart, and muscle. One-gram tissue samples are placed into
8 ml of chilled isooctane for PER and ethyl acetate for TET. The samples are
maintained in an ice bath at all times, even during homogenization. A polytron
is used to homogenize the tissue samples. In order to insure that the percent
recovery of halocarbon is maximal and reproducible, a specific period of
homogenization is required for each tissue. Brain, liver, and fat are the most
easily homogenized, requiring only 4 or 5 seconds. Xidney, lung and heart
homogenization require 8 to 10 seconds. Muscle is the most.difficult, requiring
15 to 20 seconds. Samples are extracted with 8 ml of isooctane for PER or ethyl
acetate for TET and vortexed for 30 seconds. Samples are then centrifuged at
3000 rpm for 5 min at 4°C in a Sorvall RC 2-B centrifuge. Twenty gl of the
organic phase is withdrawn with a microsyringe and transferred to headspace vials
(Perkin-Elmer, Noxwalk, CT). One interesting and important methodological
finding was that 20 pl was the optimal amount of the organic phase homogenate to
add to the headspace vial. Adding aliquots greater than-30 ul resulted in a
decrease in the effilciency of recovery of the halocarbon, as determined by
comparison to standards with known concentration.

.Standards are made and assayed by diluting a calculated amount of pure
test chemical in the appropriate solvent. The column used is an 8’ x 1/8"
stainless-steel column packed with FFAP Chromasorb W-AW (80-10 mesh). Operating
temperatures are: injection porxt, 200°C; electron capture detector, 360°C;
column 110°C; headspace control unit, 90°C.

This analytical technique has been used in pilot studies of the tissue
disposition of PCE and TET in rats following oral and ia administratiom.
‘Efficiency of recovery from tissues spiked with the halocarbons ranged from
approximately 703 for muscle to nearly 100% for liver and brain. Reproducibility
between different spiked tissue samples has been found to be very consistent.

XI. MEASUREMENTS OF PCE IN THE- TISSUES OF RATS FOLLOWING ORAL AND
INTRAARTERTAL ADMINISTRATION
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Groups of male S-D rats (mean body wt = 350 g) were administered PCE via
a surgically-implanted carotid artery cannula. As blood flow in the right
carotid artery ceases when the cannula is 1nserted and. the vessel ligated, a
solution injected through the cannula flows-back to the heart and enters the
systemic arterial circulation. Thus, this technique allows direct intraarterial
(ia) injection. Serial blood and tissue samples have been taken following
dosing, in oxder to characterize uptake and e¢limination profiles for PCE. Blood
and tissue sampling will be carried out béyond the normal 5 to 6 half-lives to
ensure that the terminal elimination phase in all tissues is adequately
characterized. A minimum of & rats were sacrificed at each of the following time

of a single bolus dose. One gram samples of brain, liver, kidney, lung, fat,

- heart, and muscle were then procured and analyzed as described in Section VII.
Profiles of the tissue uptake, disposition, and elimination of PCE following ia

and oral administration are compiled in Appendix G.

Absorption of PCE into the tissues following intraarterial (ia)
administration was very rapid, as indicated by the significant levels detected
in all tissue samples at just 15 minutes following exposure (Appendix G, Fig. 1,
or Fig. G-1). The highest levels were achieved in the fat (35.6 ug PCE/g), with
levels of 20-26 pg PCE/g in the liver, kidnmey and brain. By 30 minutes post-
administration (Fig. G-2), PCE concentrations in all sampled tissues had declined
by 25-50% except for those in the fat,. which remained relatively equivalent to
that measured after 15 minutes. PCE levels in the fat achieved a peak
concentration of 67 pg/g after 1 hour, while PCE concentrations in the other
tissues continued to steadily decline (Fig. 6-3). Fat levels did begin to
decline by 2 hours following exposure (Fig. G-4), while all other tissue groups
decreased by more than 60% relative to an hour before. The rate of diminution
in non-fat tissue concentrations began to level off by 4 hours (Fig. G-5) and 6
hours (Fig. G-6) post administration. By.6 hours following ia administration,
fat levels of PCE had diminished to about 64% of the peak level achieved 5 hours
before. Between 6 and 12 hours following PCE administration, levels in non-fat
tissues diminished by moxe than 50%, while fat concentrations decreased by only
9% (Fig. G-7). After another six-hour interval, PCE concentrations in the liver,
kidney, heart, and brain remained relatively constant (Fig. G-8). These tissue
groups probably have reached an approximate equilibration within the same time
frame because they represent the well-perfused tissue groups we have sampled in
this study. The muscle tissues, represencing the poorly-perifused tissues in this
investigation, continued to decline significantly after 18 hours. Tissue
measurements taken after 24 (Fig. G-9) and 48 hours (Fig. G-10) appeared to
indicate that PCE levéls in non-fat tissues were decreasing at a rate of 50% in
a 24 hour period, while fat levels demonstrated an 85% decline.

Examination of the tissue concentration-time profiles for {a
administration separately for each tissue group sampled indicated definitive
similarities and differences between the tissues in PCE disposition and
elimination. Profiles for the liver, kidney, and brain (Fig. G-21) were nearly
identical. There was a distinct similarity in both the magnitude of PCE
concentration and the rate of elimination as reflected by the tissue
concentration-time profile for these three well-perfused organs. The lung and
the heart (Fig. G-22) also displayed a marked similarity in these parameters.
These two tissue groups had PCE concentrations consistently less than in the
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tissue conc¢entration-time profiles for the three well-perfused tissues. However,
concentrations at the final sampling point (48 hours) converged for these five
tissue groups. The muscle tissue profile (Fig. G-22) was similar to that of the

‘heart .and lupg, but was slightly higher between the 6 and 24 hour points. The

fat tissue concentration-time profile (Fig. G-26) was completely different from
the other -tissue groups. The highly lipophilic nature of PCE obviously resulted
in much higher levels in the fat,.as well as a much slower rate of decline during
the extended elimination phase.

., Perhdps the most pressing risk assessment concern presently for exposure
to:halocarbons by human populations is the poténtial for oral exposure-due to the -
Increasingly reported incidence of contaminated drinking water supplies. Oral

. ‘exposures were conducted in rats in the present context by administering a 10
‘mg/kg dose in a single oral bolus. Male Sprague-Dawley rats with a mean body

weight of 350 grams were administered the halocarbon with a gavage intubation
needle. Sampling times and procedures were identical to those employed for the
parallel ia studies.

Absorption of the PCE from the gut was very rapid, as indicated by the
significant levels of the halocarbons measured in all tissues after just 15
minutes (Fig. G-11). PCE levels at this initial sampling point were 3-10 times
higher after ia administration than after an equivalent dose given orally. Also,
the liver and brain levels after oral dosing were actually slightly higher than
levels in the. fat, a situation which never occurred following ia administration.
PCE levels decreased only slightly in most of the non-fat tissues by the 30
minute sampling point (Fig. G-12). Levels of PCE in the lung and fat increased
slightly. Thexe was a dramatic increase of PCE in the fat after 1 hour (Fig. G-
13), however, while the non-fat tissue levels demonstrated only siight increases
ox decreases Indeed, the concentration of PCE in the heart, muscle, lung, and
brain had still not'begun to decline by the measurements conducted 2 houxrs after
oral dosing (Fig. G6-14). All the non-fat tissue concentrations were thus not in
a consistent state of decline until 4 hours after oral dosing (Fig. 6-15). Peak
levels of PCE in the fat were 44.4 ug/g at the 6 hour point, while the decline
in- non-fat tissue levels in that 2 hour interval was minimal (Fig. G-16).
Consistent decreases in fat concentration of PCE did not occur until the
following six hour intervals, at the 12 hour (Fig. G-17), 18 hour (Fig. G-18) and
24 hour (Fig. G-19) sampling points. By 48 hours after oral dosing with 10 mg/kg
of PCE (Fig. G6-20), though, the halocarbon could only be detected in the liver
(barely) and in the fat.

The analytical method for PER in blood and tissues had the following
recovery efficiency per tissue group: liver - 96%; Kidney - 69%; fat - 74%; heart
- 76%; lung - 79%; muscle - 80%; brain - 72%; and blood - 105%.

In sumary, maximum tissue concentrations (C,,,) were achieved rapidly
following both po and ia administration, within 10 to 60 minutes for all tissues
but for PER in fat following oral dosing (6 hours). The nonfat tissue G,y
values for ia administration were about 4-5 times that of the C,,, values of the
same tissues in po dosed animals. The fat G, for the ia group was 1.5 times
that of the po group. The shortest ts for elimination of PER from tissues
occurred in the liver, though elimination from the other nonfat tissues was only
slightly longer. Due to the highly lipophilic nature of PER, the C,,, and AUC
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values for the fat tissues were substantially greater than the other tissues
following both ia and po administration.

. . The degree of blood perfusion had a significant impact on tissue
disposition. Highly perfused organs such as ki.dney and brain had similar values
for C,,, AUC, and t% within each administrative route. Poorly perfused and
nonlipoidal tissues such as skeletal muscle had a lower C, and AUC than these
highly perfused tissues. Relative bioavailability ., AUC,/AUC,,, was highest for
liver (0.83), with values ranging down to 0.62 for lung and 0.68 for muscle

tissue

S A

)(I TISSUE MEASUREMENTS OF TET FOLLOWING ORAL AND INTRAARTERIAL
; \ADHINIS'IRATION

Comparisons of the tissue uptake, disposition, and elimination of TET
were also made between oral and intraarterial administrations. Groups of male
S- D rats (mean body wt = 350 g) were administered TET at 10 mg/kg via a
surgxcally implanted carotid artery cannula. As blood flow in the right carotid
artery ceases when the cannula is inserted and the vessel ligated, a solution
injected through the cannula flows back to the heart and enters the systemic
arterial circulation, Thus, this technique allows direct intraarterial (ia)
injection. TET was administered orally through a gavage needle as a single oral
bolus. Serial blood and tissue samples have been taken following dosing, in
ordex to characterize uptake and elimination profiles for TET. Blood and tissues
sampling were carried out beyond the normal 5 half-lives to ensure that the
terminal elimination phase in all tissues was adequately characterized. A
minimum of 4 rats were sacrificed at each of the following time points: 5, 15,
30, 45, 60, and 90 min and 2, 3, and 4 hrs (fat was sampled up to 24 hrs) after
the administracion of a single bolus dose. One gram:samples of brain, liver,
kidney, lung, fat, heart, and muscle were then procured and analyzed as described
in Section VII. Profiles of the tissue uptake, disposition, and elimination of
PCE following ia and oral administration are compiled in Appendix D.

Absoxption of the TET was very rapid, with maximum tissue concentrations
achieved in all sampled tissues within 30 minutes following oral administration.
The maximum tissue concentration achieved after oral TET exposure was 6.07 pg/g
of fat (Table H-2). Liver concentrations were nearly as high (4.83 .ug/g)
following oral dosing as occurred in the fat. The half-lives of TET in liver,
kidney, heart, muscle, and brain were similar, at approximately one hour. The
th in fat was 3.6 hours. A similar pattern in elimination was seen following
intraarterial administratfon, with a similar half-life in all of the non-fat
tissues (Table H-1). The t} in fat was slightly less than half as long as that
in the other tissues. Tissue concentration time profiles in each of the tissues
are in the Appendix (Fig. H-1 through H-8), with the oral and intraarterial
administrations for each tissue displayed togethex.

XIII. INTERSPECIES COMPARISONS OF THE PHARMACOKINETICS OF PERCHLOROETHYLENE IN
DOGS AND RATS

An important consideration in health risk assessments of halocarbon
solvents is the validity of species to species comparisons of the uptake,
disposition, and elimination of the chemicals following their ingestion.
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. Therefore, the relative pharmacokinetics in species of widely varying size was
evaluated following thé administration of pexchloroethylene (PER). The
objectives of this study were to: (1) Characterize the uptake, disposition, and
-elimination of perchloroethylene in two species of wide variation in size, the
rat and the dog; (2) Utilize oral and intraarterial administratioms of the
compound to compare the relative "absorbed dose" in each species; and (3)
Evaluate whether interspecies differences in the pharmacokinetics of PER were
related to differences in observed-toxicity between the species.

.. The results of these interspecies comparisons for perchloroethylene were
)g;esent:ed at the latest meeting of the Society of Toxicology that was held in -
Dallas, TX in February, 1991. The reference for this abstract (also listed in

. ‘.?ppeng‘i;x M) is as follows:

Chen, X.M., Dallas, C.E., Muralidhara, S., Tackett, R.L.,

Bruckner, J.V., and Gallo, J.M. "Interspecies comparisons of
perchloroethylene pharmacokinecics following oral and
intraarterial administration."  30th Annual Meeting of the

Society of Toxicology, Dallas, TX; Toxicologist 11: 351 (1991).

Male beagle dogs (5-10 kg), obtained from Marshall Farms, and male
Sprague-Dawley rats (325-375 g), obtained from Charles River Laboratories, were
employed in these studies. For the animals intended to-receive the ia dose, an
indwelling carotid arterial cannula was surgically implanted on the day before

@ the exposure. For obtaining blood samples following compound administration, an
indwelling jugular vein cannula was implanted into all the test animals. Both
cannulas exited the body of the test animal behind the head, and the animals were
allowed to recover from the anesthesia until the following day. Food was
withheld during the 18 hour recovery period before dosing. ’ :

The rats and dogs were administered PER at doses of 1, 3, or 10 mg/kg.
PER was administered as an emulsion in polyethylene glycol (PEG) in a single '
bolus dose. The ia administration was conducted using the carotid arterial
cannula. Oral doses were administered using a gavage needle for rats and a
teflon tube for dogs.

Serial 20 pl blood samples were collected from an indwelling cannula in
the jugular vein at intervals up to 96 hours following dosing. While rats
exhibiteéd only slight neurobehavioral effects following PER ia administration,
the dogs receiving the 10 mg/kg ifa dose demonstrated a very high degree of
central nervous system (CNS) depression. Data for ia administration in dogs are
therefore presented only for the 1 and 3 mg/kg doses. PER concentrations in the
blood of rats following 1 mg/kg oral administration rapidly declined below the
limit of detection (Fig. I-1), so data for oral dosing in rats are shown only for
the 10 mg/kg dose.

PER concentrations in the blood samples were analyzed by headspace gas

, chromatography (GC). The GC was equipped with an electron capture detector and

an automatic headspace analyzer. The operating conditions were: headspace

sampler temperature, 90°C; colunn temperature, 110°C; injection port temperature,

@: 200°C; detector temperature, 400°C; column packing, 10% FFAP; flow rate for
argon/methane carrier gas, 60 ml/min.
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@ The blood concentration-time data were evaluated by Lagran (M. Rocci and
W.J. Jusko) computer programs for the assessment of the appropriate
pharmacokinetic model and calculation of relevant pharmacokinetic parameters.

+ Absorption of. PER following oral administration-was rapid in rats and

dogs, with peak blood levels achieved in both species and at both doses between

10 and 40 minutes (Fig. I-2). The maximum concentration of PER reached in the

blood was higher in dogs than in rats for the 10.mg/kg oral dose (Fig. I-3). The

terminal elimination half-lives of PER in rats appeared to be shoxter than in

dogs _f for each dose and route of administracion (Fig. 1-6).

ST R -

= Following both-oral and intraarterial administration of PER, AUC seemed
higher in\dogs than in rats though the apparent difference was not sufficient to
be sc;"istically significant (Fig. 1-5). 'The interspecies difference was more
pronouncecafollowing oral administration than after ia dosing.

Following ia doses of 10 mg/kg PER, dogs exhibited severe cardiotoxic
symptoms and central nervous system (CNS) depression (including unconsciousness),
while rats - 1emonscraced only slight, transient neurobehavioral effects. No CNS
effects were observed in either species following po administration of PER at
either dose. The blood level data will be utilized to evaluate the utility of
physiologically-based pharmacokinetic models in conducting interspecies
extrapolations of pharmacokinetic data.

Q{: In summary, pharmacokinetic parameters for the oral and intraarterial
& administration of PER indicate that the uptake of PER following ingestion was
relatively higher in dogs than in rats (Table I-1). Higher peak blood
concentrations of AUC in dogs relative to rats following an equivalent exposure
! would indicate a higher bioavailability (Fig. I-7). However, the interspecies
pharmacokinetic differences in most cases was not statistically significant.

A difference in bioavailability would be expected to result in
interspecies differences in target organ concentrations and subsequent toxicity
following equivalent doses in the two species. While there were interspecies
differences in central nervous system depression and cardiotoxicity following
intraartexial administration, there were no observable differences in toxicity
: between rats and dogs following oral exposure.

XIV. TINTERSPECIES COMPARISONS OF THE PHARMACOKINETICS OF INGESTED
TETRACHLOROETHANE

In parallel to the studies of perchloroethylene, the relative
toxicokinetics between species of wide variation in size was evaluated following
tetrachloroethane (TET) ingestion. Male Sprague-Dawley rats and beagle dogs were
administered TET as doses of 10 or 30 mg/kg. The halocarbon was administered in
polyethylene glycol (PEG) in a single bolus either orally (po), oxr by
intraarterial administration (ia) through an indwelling carotid arterial cannula.
Blood samples were collected from an indwelling cannula in the jugular vein at
intervals up to 48 hours following administration, and the halocarbon
concentrations analyzed by headspace gas chromatography. The terminal
elimination half-lives of TET in dogs were significantly longer than in rats for .
both routes of administration and for both po doses. Bioavailability, peak blood ‘
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levels and the area-under-the- blood-concentration-time curves were also higher
in dogs relative to equivalent doses; ;in rats po and ia. These results show that
there are significant species differences in the toxicokinetics and
bioavailability of ingested TET, and ‘that further evaluations are needed for
making interspecies comparisons of toxicokinetlc data for halocarbons.

The results of this study we;e presented at the llth annual meeting of
the Society of Environmental Toxicology and Chemistry in November of 1990. The
reference for this study (also listeq in Appendix M) as presented in the sbstract
is .ag, follows: '

¥ LA -t W

N Dallas, C.E., Chen, X.M. Lk{uralidhara, S., Tackett, R.L.,
"Interspecies comparisons of che

toxicokinetics and bioavailability of ingested

tetrachloroethane.”  1lth Annual Meeting of the Society of

Environmental Toxicology and Chemistry, Washington, DC; Global

Environmental Issues: hallenge for the 90s: 176 (1990)

Male beagle dogs (5-10 kg); obtained from Marshall Farms, and male
Sprague-Dawley rats (325-375 g), obtained from Charles River Laboratories, were
employed in these studies, For the animals intended to receive ia
administrations of the test compounds, an indwelling carotid arterial cannula was
surgically implanted the day prior to the exposure. for procuring blood samples
following halocarbon administration, an indwelling jugular vein cannula was
implanted in all the test animals. Both cannulas exited the body of the test
animal behind the head, and the animals were allowed to recover from anesthesia
until the following day. Food was withheld during the 18 hr recovery period
before dosing.

The rats and dogs were administered a single bolus dose of either 10 or
30 mg/kg TET, using . polyethylene glycol (PEG) as a dosage vehicle. Both oral
doses were administered using a gavage needle for rats and a teflon tube for
dogs. The ia administration was conducted using the carotid arterial cannula.
While rats exhibited no neurobehavioral effects following TET administration, the
dogs receiving the 10 mg/kg ia dose demonstrated a very high degree of central
nervous system (CNS) depression. Data for ia administration in dogs is therefore
presented only for the 10 mg/kg dose.

“"Serial 20 xl blood samples were taken at selected intervals for up to 48
hrs following dosing. The concentrations of TET in the blood samples were
determined by headspace analysis using a Perkin-Elmer Sigma 300 gas chromatograph
equipped with an electron capture detector and an automatic headspace analyzer.
The operating conditions for the 6-ft x 1/8-inch stainless steel column were:
headspace sampler temperature, 100°G; injection port temperature 200°C; column
temperature, 140°C; detector temperature, 400°C; column packing, 3% OV-17; flow
rate for argon/methane carrier gas, 60 ml/min.

The blood concentration-time data were evaluated by R-strip (Micromath
Scientific Software) and Lagran (M. Roccl and W.J. Jusko) computer programs for
the assessment of the appropriate pharmacokinetic model and calculation of
relevant pharmacokinetic parameters.
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Absorption of TET following oral administration was very rapid in rats
and dogs, with peak blood levels achieved in both species and at both doses
between 12 and 22 minutes (Fig. J-1, J-7). The maximum concentration of TET
xeached .in the blood was higher in dogs than in rats in all cases, though this
difference was only statistically significant for intraarterial administration
(Fig. J-2). The half-life of TET was longer in dogs than in rats, and at a high
level of significance by intraarterial administration and at both doses given-
orally (Fig. J-6).

~.. Following both oral and intraarterial administration of TET, AUC was
significantly higher in dogs than in rats (Fig. J-5). The bioavailability of TET
-from oral exposure was higher in dogs than in rats (Fig. J-8). Following

- equivalent ia doses of 30 mg/kg TET, dogs exhibited severe CNS depression

"(inclﬁing unconsciousness) while xits demonstrated no  appreciable
neurobehavioral effects (Fig. J-4). No CNS effects were observed in either
species following po administration at either dose.

There were significant differences in the pharmacokinetics of TET between
rats and dogs following oral and intraarterial administration. Higher peak
concentratiens, -higher blood-levels-over -time, and _greater bioavailability in
dogs relative to rats following an equivalent exposure indicated that a
significantly higher "absorbed dose” was received in the dogs. This significant
difference in absorbed dose would be expected to result in interspecies
differences in target organ concentrations and subsequent toxicity following
equivalent doses in the two species.

Xv. DEVELOPMENT AND VALIDATION OF PHYSIOLOGICALLY-BASED MODELS IN THE
PREDICTION OF HALOCARBON PHARMACOKINETICS

An important goal of the project has been to_develop and validate
physiologically-based pharmacokinetic (PBPK) models, which will allow accurate
prediction of the concentration of halocarbons in blood and tissues over time
following inhalation and oral exposure. The pharmacokinetic studies conducted
in earlier phases of the project have thus provided a unique data base from which
to formulate and test the models. Data from the direct measurements of blood and
exhaled breath levels of halocarbon have been compared to simulated values
calculated from mass-balance differential equations comprising the model.
Thereby, the accuracy of the model has beep-tested by comparison to observed
blood and exhsiéd breath concentrations.

The current investigation of the uptake and elimination of TRI in rats
provided the first available data base for direct measurement of TRI in the
exhaled breath and blood during inhalation exposures in rats (See Appendix A,
Figures 2 end 3). A PBPK model was therefore developed to describe the
disposition of TRI in the rat (Appendix A, Figure 1) using this unique
opportunity for comparison of computer simulated values with these direct
nmeasurenents for validation of the model. The fundamental characteristics of
this initial model development were based on the work by Ramsey and Andersen
(1984) and their PBPK model for the prediction of the kinetics of inhaled
styrene. Model-generated simulations of blood and fat styrene concentrations
were in agr t with cc itrations measured over a period of hours in rats
subjected to a series of vapor levels of styreme. Andersen et al. (1984)
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expanded their irhalation model for brominated dihalomethanes to forecast not
only the time-course of the parent chemical, but the time-course of two
metabolites as well. ’

In the present model developsent for TRI, it was assumed that a blood
flow-1limited model was adequate to characterize the tissue distribution of TRI.
Blood flow-limited tissue compartments consider the chemical to be homogeneously
distributed throughout the blood, interstitial and intracellular spaces. The
differential mass balance equation used for a non-elixinating blood flow-limited
organ was:

B ammm—m = = =

F dc. [+
- vV, —i Cy — =i
g 1 & = Q,( 5 R‘)
- —
shere: V; ~ volume of the i*® organ

C; ~ concentration in the i*® organ

Q ~ blood flow for i*® organ

C3 = blood concentration
R; =~ partition coefficient

Elizinating organs; such as the liver, required a clearance term added to
this equation for bYocd flow-limited compartments. In the case where clearance
was constant, the tem: -CL/C,/R; would be employed where CL, is equal to the
intrinsic clearance for the i'" organ. For nonlinear clearance, the term -
V.Ci/(KytC;) was added to the appropriate mass balance equation. V_ equals the
maximum rate of the elimination ,process (i.e., metabolism) and K, equals the
concentration at which the.rate is half the maximum value.

In the development and validation of physiologically-based phanpacql\cinetic
(PBPK) models in this project for predicting the pharmacokinetics: &l various
halocarbons, an important goal has been to define a single model that hay the
capability of producing accurate simulations for more than one chemical. "Of
course, required changes in physicochemical constants are dictated as different
chemicals are employed, but the utility of a validated model will be enhanced
considerably if additional adjustments in model parameters can be minimized. In
the previous year of this project, therefore, a PBPK model was developed that has
been_tested for its utility in providing reasonably accurate simulatfons for
three different halocarbons: TRI, TCE, and PER.

The PBPK model for inhaled TRI and laborvatory data used for the model
validation has been published in a peer-reviewed journal. A reprint of the
publication is included as Section A of the Appendix. The reference for this
publication (also listed in Section F of the Appendix) is as follows:

Dallas, C.E., Ramanathan, R., Muralidhara, S., Gallo, J.M., and Bruckner,
J.V. "The uptake and elimination of 1,1,1-trichloroethane (TRI) during
and following inhalation exposures in rats. Toxicology and Appiied
Pharmacology 98: 385-397 (1989).

Compartmental volumes and organ blood flows were obtained from the
literature (Gerlowski and Jain, 1983; Ramsey and Andersen, 1984) and sclaed to
340 g, the mean body weight of rats used in the present study. Partition
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coefficients and the metabolic cate constant for TRI were taken from Gargas et
al. (1986, 1989), except for the richly perfused tissue:blood and lung:blood
partition coefficients,,-wvhich were assumed to be the same as the liver: blood
Ppartition coefficient.

This PBPK model that was validated for TRI inhalatjon has been evaluated
for jts utility in predicting TCE levels in rats during and following inhalation

exposures. TCE and TRI are interesting test chemicals to compare and contrast
since they are so structurally similar, yet differ significantly in metabolic
capacity. TRI is only slightly metabolized by the rat, so the impact of liver
metabolism-on the model simulations was not of great importance. However, since
1CE is so hi metabolized, it is essential to incorporate accurate estimates

. of the Michaelis-Menten parameters into the PBPK model so that the model

“predictions would correctly estimate metabolic rates. The PBPK model for TCE

inhalation was evaluated by comparison to direct measurements-of TCE in the blood
and exhaled breath of exposed rats. The model and the direct measurements.used
for validation have been included in a paper now in press at a peer-reviewed
joumal The reference for this paper (also included in Section F of the
App endix) is as follows:

Dallas, C.E., Ramanathan, R., Muralidhara, S., Gallo, J.M. and Bruckner,
J.v.: "Physiological pharmacokinetic modeling of  inhaled
trichloroethylene in rats.” In press, Toxicology and Applied
Pharmacology, 1991).

In general, the PBPK model predictions for TCE are in good agreement with
the actual data. The preqiction of exhaled breath levels during TCE inhalation
are in close agreement witl: the direct measurements of expired TCE at both dose
levels. Post-exposure exhaled breath predictions were accurate for the 50 ppm
group and slightly underpredicted for the first hour following exposure to 500
ppm TCE (predictions thereafter are accurate). During TCE inhalation exposure,
blood level simulations for the 50 ppm group were slightly overpredicted (about
0.1 pg/ml). Post-exposure blood levels were overpredicted during the first hour
following exposure to 500 ppm TCE. After the first hour post-exposure, all
predicted values are in excellent agreement with the observed TCE concentrations.

The present model incorporated the dynamics between the venous, alveolar
and arterial compartments that has been used for a methylene chloride PBPK model
(Angelo' and Pritchard, 1984, 1987). The representation is appealing in that the
venous and arterial blood pools are distinct, and a physiologically realistic
membrane transport texrm (h) controls chemical uptake and elimination at the
alveolar-lung interface. The blood flow-limited tissue compartments and the
Michaelis-Menten liver elimination are similar to other models on metabolized
volatile organic compounds (Andersen et al., 1987). The experimentally measured
model parameters, alveolar ventilation, and the inhaled gas.concentration, were
the only values that were altered for the predictiond obtained at the 50 and 500
ppm exposures to TCE. The mean of the measured alveolar ventilation rates for
TRI and TCE were used for the oral simulations. First-order absorption rate
constants (Ka) and bioavailabilities (f) were empirically estimated, and the
value of V, for TCE was adjusted from the reported value to permit better
agreement between observed and predicted TCE blood concentrations.
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The PBPK model applications for TCE and TRI were presented together at the
Jatest neet:ing of the Society of Toxicology and that was held in Atlanta, GA in
March, 1989. " In addition to the model development and data validation for
Ainhalation exposures, PBPK model si.llulat:ions for oral administrations of TCE and
TRI were also presented. The reference for this abst:tact (also listed in Section
M of the Appendix) is as follows:

Gallo, J.M., Dallas, C.E., and Bruckner, J.V.: "Physiological
pharmacokinetic models for 1,1,1-trichloroethane (TRI) and 1,1,1-
- trichloroethylene (TCE) in rats following inhalation and oral exposures."
.saze.ns2Bth - Annual Heet:l.ng of the Sociéty of Toxicology, Atlanta, - GA; -~ -
- Toxicologist 9: 230 (1989). .
- “The PBPK model appears to be a suitable predictor for orally administered
TCE or TRI. However, the current absorption rate constant parameters differ for
the low and high oral doses, and is not consistent with a linear pharmacokinetic
model. Utilizing the same Ka and f values for both doses produces predicted
blood TCE concentrations considerably diffexent from the observed concentrations.
Resolution of this problem could be achieved by further experimentation
(including iv and oral dosing and tissue concentration determinations), and

possibly by optimization of the absorption paxameters based on the global model.

A third test chemical, PCE, has been employed demonstrating the versatility
of the PBPK model for the prediction of halocarbon pharmacokinetics. Observed

values from measurements of PCE in the blood and exhaled breath of rats during
and following inhalation exposure (see Section VIII of this report and Section
E of the Appendix) were used to compare to simulations by the model to establish
its acecuracy for inhaled PCE. The only changes necessary in the model were the
physicochemical constants specific to PCE, and the. values measured in the
laboratory for the alveolar ventilation and inhaled concentrations specific to
the validation experime ‘s. Partition coefficients for PCE for input into the
model were obtained fi.. Ward et al, (1988), as well as estimates for the
Michaelis-Menten parameters (Table 1, Appendix E).

Model-simulated values for elimination of inhaled PCE in the breath were
in close agreement with direct measurements of expired PCE during inhalation
exposure at both dose levels. Post-exposure exhaled breath predictions were
slightly lower than observed values (Fig. E-2). PCE blood 1levels were
overpredicted during inhalation exposure (Fig. E-3). The computer-simulated
levels approached near steady-state more rapidly than did observed values. Post-
exposure blood concentrations were either in close agreement or only slightly
underpredicted (Fig. E-4). Predictions of the cumulative uptake of inhaled PCE
during the course of 500 ppm inhalation exposure were very close to the uptake
values calculated from the observed exhaled breath data and monitoring of
-xespiratory volumes (Fig. E-6). Uptake during inhalation of 50 ppm PCE was

underpredicted relative to i:alculat:ed values (Fig. E-7).

The d Vi d breath were
e a wit measured value determined in the inhalation

exposure to TRI in rat:s reported in this project (Appendix A, Figure 2 and 3).
The simulations were close to the experimentally-observed values during both the
uptake and steady-state phases during TRI inhalation, and in the elimination
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_phase after the termination of exposure. The concentration-time profiles of TRI

in the blood were also well-desired by the PBPK médel. Only for the-near steady-
state _phase during inhalation exposure to 50 ppm TRI was there a relatively small
overest:imation (about 50 ng/ml) of the predicted blood-levels relative to the
observed blood levels. The model predicted a slightly more rapid decline in
blood levels postexposure in both groups than'was observed during the period of
130-200 min, but levels at subsequent:time points.were accurately predicted. The
ability of the model to accurately predict TRI levels in samples from two
different physiological sources in the rat was encouraging in this initial model
development effort.

PCTIeE PEVEE R

s The PBPK model developed in the previous studies for inhaled TRI has also

- been evaluated for its utility in predicting halocarbon pharmacokinetics
‘followlng oral administration. The differential mass balance equations

comprising the model included the parameters for compartmental volumes, organ
blood- flows, and partition coefficients as listed in Table I of Appendix A.
Input into the model was obtained from the absorption rate-constant controlling
TRI uptake into the systemic circulation,and was determined from analysis of
blood concentration-time data. Simulated values of the-uptake and elimination
of a single oral dose .of 6 mg/kg of TRI are presented in:Figure 11, along with
the observed experiment:al values in rats from the current invescigacion
Observed and simulated values for TRI oral exposures of 48 mg/kg are shown in
Figure 12. An absolute bioavailability (F) of-0.5-and a Ka of 0.05 was employed
in these simulations of TRI ingestion. A comparison of these observed and
simulated values reveals a reasonable similarity in concentration in the uptake
and elimination of ingested TRI. G-MAX, or maximum concentration of TRI attained
following ingestion of thé compound of the computer simulation, was very close
in magnitude to the observed peak arterial concentration observed at both dose
levels employed.

In order to improve the accuracy of the model predictions, tissue:blood
partition coefficients were estimated using direct measurements of a halocarbon
in rat tissues during and following exposure. Male Sprague-Dawley rats were
administered 10 mg/kg perchloroethylene (PER) by an indwelling carotid arterial
cannula (ia), or inhaled 500 ppm PER for up to 2 hr in dynamic inhalation
exposure chambers. Serial samples of brain, liver, kidney, lung, heart, skeletal
muscle, adipose tissue, and blood were taken during exposure and up to 72 hr
post-exposure. ‘Blood and tissue samples were-analyzed for PER content using a
GC-ECD headspace technique. MaxXimum tissue concentrations (Cn,) were achieved
for most tissues within 15 min following the termination of exposure, with
adipose tissue achieving a Gy up to 4 hr following the termination of the
inhalation exposure (Table K-1). There were similar terminal elimination half-
lives (tk%) for each of the tissues, except for the fat which exhibited a longer
t)s value (Table K-2). As comparable tissue tk are consistent withk-a blood-flow
limited model, tissue-blood partition coefficients weré calculated for non-
eliminating compartments using the ia administration data, by dividing of the
area-under-the-tissue-concentration-time curve (AUC) by the blood AUC. For the
1iver, the first-order metabolic rate constant and tissue PER concentration were

‘also employed in the calculation. The utility of the calculated partition

coefficients for PBPK models was evaluated by comparison of the observed tissue
concentration-time data for ia and inhalation exposures to PER with prédicted
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values by the model; Tissue concentration time data were thus demonstrated to
providé valuable input for halocarbon PBPK model parameter estimates.

-These PBPK simulation studies of PER in tissues were presented at the 30th
annual Heeting of the Sociecy of Toxicology held in Dallas, TX in. February of
1991. The refererice for the abstracc of this presentation is as follows.

Dallas, C. E., Gallo, J.M., Chen, X.M., Huralidhata, ., 0'Barr, K.,
and Bruckner, J.V. "Physiologically-based model paramet:ers
- .. éstimation from perchloroethylene tissue pharmacokinetics." 30th
.-+Annual Meeting of the Soclety of Toxicology, Dallas, "TX;
Toxjcologist 11: 33 (1991). -

Ry ~

Male Sprague-Dawley rats (325-375 g), obtained from Charles River
Laboratories, were employed -in these studies. For the animals intended to
receive the ia -dose, an indwelling. carotid arterial cannula was surgically
implanted the day befoxe the exposure. The cannula exited the body of the test
animal behind the head, and the animals were allowed to recover from anesthesia
until the following day. For ia administration, PER was administered at a dose
of 10 mg/kg as-an emulsion in polyethylene glycol (PEG) in a single bolus dose
through the carotid arterial cannula. Inhalation exposures of freely moving
animals were conducted in 1,0 M® Rochester-type dynamic flow chambers. Each
animal was individually housed in wire-mesh exposure cages in the chamber. The
500 ppm pexchloroethylene (PER) test atmosphere was generated by vaporization of
the compound under a strict air flow- and temperature-controlled schedule.

Concentration-of PER were monitored by gas chromatography. The animals received
up to 2 hours inhalation exposure to 500 ppm PER, and breathed fresh air
thereafter until terminal sacrifice.

Groups of animals (n-4) were serfally sacrificed (using etherization)
following ia dosing at the following time intervals - 5, 10, 15, 30, and 60
minutes, and 1, 2, 4, 6, 12, 24, and 36 hours. Animals were removed from the
inhalation chambers at the following intervals during the inhalation exposure:
15, 30, 60, 90, and 120 minutes. Following the termination of PER inhalation,
animals were t:aken for sacrifice at the following intervals: 0.25, 0.5, 1, 2,
4, 6, 12, 24, 36, 48, and 72 hours. Blood samples were obtained by cardiac
puncture. Approximat:ely 1 gram each of liver, kidney, brain, lungs, heart, fat,
and muscle were quickly removed and placed in 4 ml cold saline. Tissues were
homogenized for the shortest possible time intervals, specific for each organ,
to reduce the volatilization of the test compound during homogenization. The PER
in each sample was then. extracted with 8 ml Isooctane. A 20 pl aliquot was
placed in an 8 ml headspace vial, which was capped and subjected to controlled
temperature and pressure conditions in a Perkin- Elmer HS-6 Headspace Sampler.

Analysls was made of the PER in the vial headspace on an (8' x 1/8")
stainléss steéel colimn in a Perkin Elmer gas chromatograph with an electron
capture detector. The column temperatures were: detector-360°C, column-110-°C,
headspace-90°C, injector-200*C. Values were compared to a standard curve, and
the tissue concentration corrected for the percent recovery characteristic for
each tissue.
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Maximum tissue concentrations (c,.,) were achieved within 15 minutes

_following. the termi.nation of inhalation exposure. for all nonfat: “tissues. 'C-,,u

was" achieved with:ln 60 minutea following ia administration and at 4 hours
following the, termination of -BER -inhalatien.

The .rate of el:lmination of PER was somewhat similar.among the varicis rat
tissues. sampled following both routes of exposure The t}s of PER in-tissues

‘following ia administration was.in a narrow range, fiom 6.6 to'7. 8'hours. The

range of tis for nonfat tissues following PER inhalation was 5. 5 to 7.7 hours, and
the, fat ths was 9.6 hours. Due to the highly lipophilic nature of PER, the Cpyy
and BUC.values for the fat tissues were substantially greater than-the cdther

Zfissues following both ia ad.mlnistration and inhalation exposure,

“Concentrations of PER in blood (Figs."K-16 and F-24), brain (Figs. K-15 and
K-23), kidney (Figs. K-10 and K-18), heart (Figs. K-12 and K-20), and lung (Figs.
K-13 and K-21) following ia administration were well simulated by the PBPK model
using ‘the partition coefficients .calculated from the observed ia tissue
concentration data. PER concentrations in fat were slightly overpredicted
following the attainment of Gy, with close predictions again attained after 18
hours (Figs. K-11 and K- -19). PER concentrations were also well simulated in
liver (Fig. K-9) and muscle (Fig. K-14); with only a slight underprediction at
the beginning of the terminal. elimination phase.

For simulation of PER kinetics during and following inhalation exposure,
there was a general tendency for .underprediction to varying degrees using the
PBPK model with: the calculated partition coefficients. There were
underpredictions during the 2 hour inhalation exposure and up to the terminal
elimination phase for brain, heart, liver, fat, blood, and lung. PER
concentrations for these tissues in the terminal elimination phase were, for the
most part, well predicted. Concentrations of PER in the kidney were fairly well
predicted both during and following inhalation exposure.

XVI. MEASUREMENTS OF THE NEUROBEHAVIORAL TOXICITY OF HALOCARBONS

In estimating toxicity from pharmacokinetic data and ultimately using such
estimates for Interspecies extrapolation, two assumptions are inherent: that the
intensity of toxic response from an administered dose depends upon the magnitude
of the dose reaching the target tissue; and that equivalent target tissue doses
in multiple species produce the same degree of effect. At present, little
scientific data exist to support or refute the above assumptions. Since the
validation of these assumptions is critical if the results of animal studies are
to be confidently used to predict the consequences of human exposures, Dr.
Dallas’ laboratory 1s aggressively developing a means of validation using
neurobehavioral testing. Mr. Alan Warren, the recent recipient of a Department
of Defense Science and Engineering Graduate Fellowship, has been using tests of
operant performance to measure the central nervous system (CNS) effects of
solvents and subsequently will correlate those effects with the solvent
concentration in the target organ, the brain. Two animal species, rats and dogs,
will be chemically exposed and operant tested to determine whether equivalent
brain concentrations in rats and dogs result in CNS effects of comparable
magnitude, Although operant testing will undoubtedly be a valuable tool in the
growing field of behavioral toxicology, the present challenge lies in applying
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this technology to test. the dose dependency of solvent-induced CNS effects, to
determine the appropriateness of interspecies extrapolation, and to develop-and

validate toxicodynamic models.

Signi.ficant insight into the utility of operant technology, both.applied
and theoretical, has been gained. Thus far, our experiences have given us
confidence in operant technology as a means of validating the assumptions common

¥ to the use of pharmacokinetic ‘data:and interspecies extrapolatiocn. {
i
H

~.. The operant testing system, consisting of a computer-controlled and
onitored test cage for rodents, is located in the inhalation toxicology -
laborat:ory The test cage has been .placed inside a dynamic flow inhalation
. _chamber vhich is monitored with a Miran 1B2 infrared spectrometer equipped with
an external data logger. The Miran 1B2 allows us to very rapidly reach target
exposure concentrations inside the inhalation chamber and to mainfain
concentrations within a very narrow range. The spectrometer is calibrated with
a closed-loop calibration system and measurements taken with the Miran 1B2 are
compared with gas chromatographic analyses of chamber air.

To this point, only perchloroethylene has-been used, but we intend to
contrast the ONS effects of. perchloroethylene with those of tetrachlorocethane.
In the case of perchloroethylene, experiments have been performed in an effort
to define a-dose range that will result-in a continuum of increasing behavioral
decrement that can be correlated with brain concentrations. All data presented
ﬁ in this progress report are from dose-finding experiments.

Exposure via inhalation was originally proposed, and has been the route of
chemical administration most explored. Prior to exposure, the food intake of
male, Sprague Dawley rats is restricted and “the rats are trained to lever press
for an evaporated milk reinforcement-on a fixed ration-20 schedule Once the
rat’s operant response- rate stabilizes for multiple training sessions, the rat
is considered "trained" and ready for exposure. The trained rat is placed in the
operant test cage, given 15 minutes to establish a baseline response rate, and
is then exposed to a steady concentration (500, 1000, 1500, 2000, or 3000 parts
per million) of" perchloroethylene for the duration of the operant test. It was
expected that response rates would decrease slowly as the concentration of
perchloroethylene in the brain increased. However, the response rates of animals
drastically decreased upon initiation of exposute, in most cases to zero
responses per 5 minutes (See Fig. L-1). Response rates remained depressed for
an unpredictable period of time, and the rats either began responding again or
in some cases remained non-responders for the duration of the test (See Figs. L-1
and L-2). In-some cases, the rats responded at a rate higher than baseline once
they recovered from the response decrement brought about by the initiation of
exposure (See Fig. L-3). The response rates were concentration dependént as seen
in a colparison of the areas under the time-response curves during exposure to
500 parts pexr million (See Fig. L-4).
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The abrupt decline in response rate occurred immediately upon the
initiation of exposure at concentrations above the odor threshold but below those
thought irritating to rat mucous membranes. Thus, the absence of responding was

@ thought to be olfactory mediated, although it is recognized that irritation may
oceur once higher chamber concentrations are reached. This line of thinking was
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shared by Moser and Balster (1985), in which they state that "a possible
mechanism for the behavioral disruption we observed during solvent exposure is
the odor and irritant properties of these compounds.”

»

Since the sensory-mediated disruption of responding prevented the
correlation of response rates to chemical levels in the brain, the search for a
solution was begun. Two solut:ions have been identified. The first is to render
the rat:s anosmic by bathing the animal’s olfactory mucosa with a 5% zinc, sulphate
solution. Although anosmia may be induced by, other techniques, the.use of zinc
sulphat:e is advantageous. in that it does not introduce secondary, nonsensory
ggfects.-which could confound interpretation of operant test data. The sgcond
‘Possible solution is to use an alternative means.of chemical administration that
no Gastric infusion (GI) is curtently being
‘explored and appears to be a feasible”alternative. It is thought that
intraarterial (IA) administration could also prove useful. In addition to
.circumventing the sensory-mediated problem, GI and I\ administration simulaté the
ingestion of contaminated drinking water and eliminate the uncertainty of

absorbed dose, respectively.

One- should-not-assume that the use of gastrically cannulated rats in an
operant test system is without difficulties. One obstacle is the-maintenance of
the cannulas’ integrity-for the-duration of the.rat's surgical recovery, operant
training period, and cperant test, all of which may encompass 12 to 14 days. To
prevent the rat from destroying the ‘cannula, a small diameter spring, ome inch
long, is mounted on the animal’s:back running lengthwise from the base of the
neck toward the tail. The cannula which exits from the base of the neck is
protected inside the spring. A metal connector is attached to the end of the
gastric cannula-and exits the spring to provide a point of connection for the

infusion tubing.

An additional problem is the protection of the infusion tubing once joined
to the conmmector. The solution to this problem invilves suspending a small
diameter spring, approximately 8 inches in length, from the top of the operant
testing cage to the point where the infusion tubing connects with the gastric
dannula. The spring length is just long enough to allow the rat full range of
motion within the operant testing cage. Between the back-mounted spring and the
one suspended from the cage top, the entire length of the cannula and infusion

tubing is safeguarded from the rat.

A third problem is the preoccupation of the rat with the cannula and
infusion tubing during operant training and the operant test. This diverts the
rat's attention away from depressing the lever to obtain the reinforcement. 1t
is hoped that by training cannulated animals with the infusion tubing intact, the
preoccupation will wane. An assessment is also being made of the effectiveness
of cannulating animals after their training has taken place in hopes that they
will be so engrossed in obtaining reinforcements, that the infusion tubing will
largely be ignored. Our experience indicates that when cannulating after
training has taken place, memory loss due to the anesthetic is possible. This
may call for the experimental use of multiple anesthetics to identify one that
does not interfere with recall of the learned relationship between level press
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The administration of test chemicals via.inhalation, GI, and JA infusion
are all therefore being employed during operant testing. This will allow us not
only to meet -our original goal of testing common assumptions, but also to draw
conclusions about the role of exposute route.in'determining the degree and time-
course of CNS toxicity, Additionally, the ability to administered test chemicals
by multiple routes will enable us to better utilize existing pharmacokinetic data
.generated using these administration routes.

XVII. COLLABORATIVE ARRANGEMENTS

S ..-As Principal Investigator, Dr. Cham E. "Dallas has been responsible fof the
-overall supervision of the project. Dr. Dallas has personally conducted the

- inhalation exposures, including experiments with TGE, TRI, DCE, and PER. He has
"also developed the novel mathematical approaches to the analysis of the
respiratory monitoring data for the halocarbon inhalation studies (see Appendix
A). Dr. James V, Brucknex, as Co-Principal Investigator, has been responsible
for the design and conducc of the pharmacokinetic studies of halocarbon
ingestion, Dr. James Gallo has had the primary responsibility for the
development and validation of the physiologically-based pharmacokinetic model
from-the:experimental studies. Dr. Peter Varkonyi-has also helped in these PBEK
model validations, especially with the use of tissue validation data. Dr. R.
Ramanathan has participated in the analysis of blood samples for halocarbon
uptake and disposition from the test animals. This effort was in conjunction
with an EPA project on the effect of exposure route on the toxicity of volatile
organics, which is intended for use in setting drinking water standards. Mr. S.
Muralidhara has conducted the animal surgery required, analytical determinations
of blood samples, oral exposures to halocarbons, and data analysis. Miss
Elizabeth Lehman was an undergraduate chemistry student who assisted in the
conduct of the laboratory studies, glassware washing, and record keeping. Dr.
Randall Tackett was involved in the pharmacological and pharmacokinetic studies
using the dog as an animal model. Dr. Tom Reigle has had extensive operant
behavior testing experience, and has already provided valuable assistance in the
selection, purchase, and workup of the appropriate testing equipment that can be
used for both rats and dogs.

Dr. Xiao Mei Chen (XMC) has served as a full-time postdoctoral associate
on the project. She was successful in her work in the development of the assay
for the measurement of halocarbons in the tissues of exposed animals (see
Appendix F), and has conducted these tissue measurements thus far for ia and po
exposures for PER and TET. Mr. Alan Warren, the recent recipient of a Department
of Defense Science and Engineering Graduate Fellowship, is a doctoral student who
is using tests of operant performance to measure the central nervous system (CNS)
effects of solvents and subsequently will correlate those effects with the
solvent concentration in the target organ, the brain. Very useful technical
information and counsel on the development of the PBPK models and the analysis
of pharmacokinetic data in halocarbon inhalation exposures has been received in
consultation with Drs. Melvin Andersen, Harvey Clewell, and Michael Gargas at the
Biochemical Toxicology Branch, Toxic Hazards Division, Harry G. Armstrong
Aerospace Medical Reseaxch Laborxatory, Wright-Patterson Air Force Base.

XVIII. STATEMENT OF SIGNIFICANCE ADDITIONAL STATEMENTS SECTION
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Comparison of the pharmacokinetic results for the inhalation of TRI, DCE,
and TCE in-rats provides 1nsighr. into the relative importance of the roles of
metabolism and volatility in the uptake, disposition, and elimination of these
halocarbons. Detailed discussions- of. the results are -presented in the papers
published, in press, and prepared for submission and included with this report
for TRI (Appendix A), TCE (Appendix B), and DCE (Appendix C). DCE and TRI have
a similar propensity for volatility as reflected by blood:air partition
coefficients of 5.0 and'5.8. However, the two halocarbons are quite different
in their propensity for metabolism. Studies of inhaled DCE excretion patternms
have_indicated that -sufficiently high doses exceed the metabolic capacity of
exposed..animals (Andersen and Jenkins, 1977; McKemnna et al., 1978;-Jones and

fHat:haway, 1978). Pharmacokinetic studies of TRI.in rats. (Schumann et al., 1982)

and humans (Nolan et al., 1984), though, have clearly demonstrated chat: this
halocarbon is not metabolized to a significant extent in either species. Indeed,

with the high volatility and relative lack of metabolism, the majority of the
inhaled TRI was found to 'be eliminated unchanged in the breath of rats and man
in a linear pattern related to dose. In the present study in rats, DCE and TRI
were found to have a very similar magnitude of uptake of the inhaled dose over
time (adjusted for differences in inhalation concentration). For instance, DCE
uptake for 100 ppm exposure for 2 hours was 10 mg/kg, while TRI uptake at half
that dose (50 ppm exposure) for 2 hours was 6 mg/kg. By contrast, total uptake
of TCE for a 50 ppm exposure for 2 hours was 8.4 mg/kg. Like DCE, TCE has been
found to be significantly metabolized to various metabolites {n rats (Stott et
al., 1982). For the inhalation of TCE, this dose-dependent metabolism was
calculated to be saturable at approximately 65 ppm (Filser and Bolt, 1979).
Unlike DCE and TRI, however, TCE has a relatively high blood:air partition
coefficient (21.9), which indicates that volatility is less of a factory for TCE
relative to these halocarbons. As DCE and TRI uptake were similar and both:were
lower than for TCE, it seems that the characteristic volatility of the- halocarbon
s relatively more significant to the total uptake dur nhalation exposure

than the role of metabolism.

Metabolism was a key factor, however, when considering the systemic
disposition of inhaled halocarbons as reflected by the hlood levels of inhaled
TCE, TRI, and DCE. For all three halocarbons, substantial levels of the inhaled
compounds were present in the blood within minutes after the initiation of
exposure. Each inhaled halocarbon demonstrated a rapid uptake phase that
encompassed approximately the first thirty minutes of inhalation exposure. Once
a near steady-state was achleved after this rapid uptake phase, however, a
distinct pharmacokinetic difference exists between the three halocarbons related
to the propensit:y for metabolism by the compound. Near-steady-state levels for
TCE and DCE were not proportional to the inhaled concentration, while steady-
state levels for inhaled TRI were proportional to the inhalation exposure level.
Indeed, TCE blood levels continued to increase progressively throughout the
inhalation of 500 ppm TCE, and were 25-39 times greater than in 50 ppm-exposed
rats. As DCE and, TCE ave significantly metabolized and TRI is not, this
indicates that metabolism (and the saturation of metabolic capacity) is still a
very important factor in systemic disposition patterns of inhaled halocarboms.

In view of the aforementioned relationships, an interesting finding in the
present investigation is the data involving the measurement of the respiratory
elimination of the halocarbons in the rat. As in the determinations of
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halocarbon uptake in the blood, elimination of ICE, TRI, and DCE in the breath
increased rapidly diring the first thirty minut:es of exposure until a near steady
state equilibrium was reached thereafter. Unlike uptake-in the blood, however,
néar _steady:state exhaled . breath levels of all three ‘halocarbons were
proportional to the inhalation exposure concentration. This is not surprising
when considering TRI, a halocarbon which does not undergo significant metabolism
and also exhibits linear pharmacokinetic in systemic uptake in the blood. For
both DCE and ‘ICE, though, respiratory elimination of these well-metabolized
halocarbons remained linear to the inhaled dose regardless of disproportionate
upt;ake occurring simultaneously in t:he blood. It is apparent that the
gharact:eriscic high volatility of halocarbons is a critical factor in determining

-fhe relative elimlnacion of -the compounds in the rat, at least in shoxrt-term
P %nhalg_g.on exposures.

Determinations of elimination of halocarbons in the breath of rats has also
revealed a finding that is of significance to the interspecies extrapolation of
pharmacokinetic data from rats to humans. In addition to their structural
similarity yet definitive differemnces in metabolism, TCE and TRI were selected
as test chemicals in the present investigation because there is a unique
pharmacokinetic data base available for these two halocarbons in humans,
Therefore, a comparison of the previously unavailable direct measurements in the
rat in the present investigation could be made with these pharmacokinetic
determinations conducted in’ humans. A very interesting finding from this
comparison is that the concentration of TCE and TRI in the exhaled breath of rats
was very simila¥ to that measured in humans, adjusting for differences in the
exposure concentration employed. For TRI, there was exhaled breath data
available during inhalation exposures in humans (Nolan et al., 1984), as well as
following exposure. The exhaled breath levels ‘after 1.5 hr of exposure to 35 and
350 ppm of TRI were 0.14 and 1.28 ug/ml, respectively. Assuming a linear scale-
up to a 50 and 500 ppm exposure (0.2 and 1.83 pg/ml, respectively), these exhaled
breath levels in humans are very similar to exhaled levels measured after 1.5 hr
of exposure in the present study in rats (0.21 and 2.16 pg/ml, respectively).
In both the human study and the rat study reported here, TRI elimination in the
breath was proportional to the exposure concentration.

Exhaled breath determinations of TCE in humans have centered on
measurements conducted following the termination of exposure. The exhaled breath
of exposed workers has been monitored for expired TCE following inhalation
exposure as a non-invasive method for indicating the magnitude of prior exposure
to the solvent (Stewart et al., 1970, 1974). Measurements of TCE in both the
blood and exhaled breath of workers following TCE inhalation have been made in
studies of the effect of workload (Monster et al., 1976) and repeated exposure
to TCE (Monster et al., 1979) on subsequent pharmacokinetics of the inhaled
solvent. Accounting for differences in exposure concentration, the post-exposure
exhaled breath levels of TCE from these studies in humans were similar in
magnitude to the values of TCE eliminated in the exhaled breath of rats following
inhalation exposure in the current investigation. For instance, Stewart et al.
(1974) found human exhaled TCE levels of 0.70 and 0.28 ppm at 30 and 120 nin,
respectively, after termination of 20 ppm TCE inhalation for 3 hrs. Scaling-down
the 50 ppm data in rats in the present study at these time points would yield
0.92 and 0.28 ppm, respectively, Apparently due to its relatively high
hepatotoxicity, even after brief inhalation exposure in animals, there have not
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been: pharmacokinetic determination of DCE made in humans. it is evident that
with -halocarbons for which volatilit s _such a critically- important
-charactexistic, such as TCE and TRI, -elimination.in the breath of rats and man
follows .a similar pattéxn. These results indicate that the rat may be a
potentially useful model for evaluating the:respiratory elimination of inhaled

volatile halocarbons in man.

Similarities in the anatomy and physiology of mammalian species make
Interspecies egigagoLg&ions (i.e. animal scale-up) possible (Dedrick, 1973;
Boxegbaum, 1984). A model developed in one species may be scaled to allow
Jprediction-of chemical concentrations in other species without the collection of
-additional experimental data. -Model parameters such as tissue volumés and blood

- Flows_can be scaled based on allometric relationships which are functiochs of

“animal welght. The ability to scale physiological models validated in animals
to humans is a powerful tool to obtain predictions of tissue chemica

concentrations in humans.

Confidence in the use of scaled animal-based models to predict the kinetics
of chémicals in humans can be gained cnly if the animal model can accurately
predict chemical concentrations measure in the animal. the model utjlized in the

esent investigation predicted blood and exhaled breath concentrations of TRY
ICE, and DCE reasonably well during and following inhalation exposures in the
rat, as determined by comparison with direct measurements conducted in studies
on this:project. The same model was able to predict peak blood levels and the
systemic elimination of TRI following oral exposure with reasonable accuracy,
indicating potential utility of the approach fox the simulation of the ingestion
of halocarbons. Further, the model has been further evaluated to serve as a
reliable predictor for halocarbon tissue concentrations. Although it has
formerly been common practice to calculate risk estimates on the basis of
administered dose-toxicity/tumor incidence data, it is now recognized that the
internal, or target organ dose is a more accurate and direct determinant of the
magnitude of injury. The dose of chemical actually reaching a target organ is
dependent upon kinetic processes which may wvary considerably with the
administered dose, route of exposure, and animal species. Thus, recognition and
use of pharmacokinetic data can substantially reduce uncertainties inherent in
the.xoute-to-species extrapolations often necessary in risk assessment (Gehring
et al., 1976; Clewell and Andersen, 1985; NRC, 1987).

K'baslc tenet of toxicology is that of the dose-response relationship
(i.e., the magnitude of toxic effect is a function of chemical dose). The
concept of dose is now being refined, as it is recognizZed that the amount of
chenical absorbed systemically (i.e., internal dose) can vary significantly with
route of exposure and with animal species. Blood levels over time following
exposure have been accepted historically as indices of internal dose, but they
often may not accurately reflect concentrations of active chemicals at local
sites of action in tissues. Thus, the most logical and precise measures of dose
are- time integrals of target organ concentrations of chemicals. As alluded to
previously, there are a paucity of such data sets for VQCs, due largely to the
technical-difficulties and inordinate time involved in analysis of these highly
volatile compounds. The sensitive technique developed in the studies.presented
here (Appendix F), which allows rapid, reproducible measuremnt of different
halocarbons in a variety of tissues should be useful to generate comprehensive

[ - o
=3 DU UUNSE TP Ay

A

o
i

o

T SIS




NN e e e s

REaY Pk i 3 T ©

e GBI

35
tissue dose-response data for VOCs of concern. Recognition and utilization.of
such information can substantially reduce uncertainties inherent in toxicity and
carcinogenicity risk assessments.

The PBPK model used.in the current investigation accurately predicted the
time-courses of halocarbon concentrations in-the blood and tissues of rats and
dogs during and following exposure to- these environmental contaminants. The
model is similar to those of Ramsey and Andersen (1984) and Angelo and Pritchard
(1984). Our PBPK model differs in chat it includes a separate lung tissue
compartment and a lung:alveolar mass transfer coefficient, which describes the
bidirectional transfex of TCE across the alveolar membrane. It is only necessary
to alter the experimentally determined inhaled concentration and minute volume
in order to obtain simulations of halocarbon kinetics under different inhalation
exposure scenarios. Metabolic saturation, manifest by the progressive,
disproportionate increase in blood flevels in the high-dose animals, was
accurately forecast. There was also _good agreement between predicted and
observed blood and breath levels during most of the postexposure period.
Previous investigators, including Fishér et al. (1989), have had the use of very
limited experimental data sets for assessing the precision of their model
predictions, It is anticipated that a modal thus validated will have the
following important applications: (a) gg_g,ggi n_of blood and target organ
levels following inhalation and ingestion of halocarbons, in the absence of data;
(b) interspecics extrapolations”(i.e. scale-up from small to large laboratory
animals and ultimately to map).

One of the benefits from-the completion of these studies of TCE, TRI, and
PCE in this project is that there is a unique. data base with pharmacokinetic
determinations of the uptake and elimination of these two halocarbons in humans.
Therefore, the PBPK model validated in experiments in this project can then be
evaluated for its ability to extrapolate to man, using comparisons to these
previously published values for human halocarbon pharmacokinetics. Such a
validation would establish greater merit in employing the established model in
making extrapolations of pharmacokinetic data from test animal species to man,
or to predict blood and tissue levels of halocarbons in man in the absence of
experimental data.
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| The Uptake and Elimi; of 1,1,1-Trichloroethane during and fc g Inhalation Expo-
sures in Rats, DALLAS, C. E.. RAMANATHAN, R., MURALIDHARA, S., GALLO, J. M., AND
BRUCKNER, J. V. (1989). Toxicol. App[ Pharmacol, 98, 385-397. ‘The pharmacokinetics of ;
1,1, 1-tnchloroethane (TR1) was sludxed in male Sprague-Dawley rats in order to characterize R

and quantify TRI uptake and et ion by direct of the inhaled and exhaled

compound, Fity or 500 ppm TRI was inhaled for 2 hr through a one-way breathing valve by

unanesthetized rats of 325-375 g. Repetitive samples of the separate inhaled and exhaled breath

streams, as well as arterial blood, were collocted ooncum:mly bo(h during and following TRI

' mhalauon and analyzed for TRI by gas ch p p Y rates and vol were

itored duting and followi p and were used in conjunction with the

ic data to ch ize pmﬁla of uptake and elimination. TRI was very rapidly
absorbed from the lung, in that substantial levels were present in arterial blood at the first sam« .
pling time (i ¢ , 2 min) Blood and ¢xhaled breath ions of TRIi d rapidly after !
the initiation of exp p h but not reachi sleady state dunns the 2-hr exposures, .
‘The blood and exhaled breath directly prop 1o th . . '
tration dunns lhe exposures. Pcrcenlage uptake of TRI decreased 30~35% dunng the first hour : .
of inh toapp ly 45-50% by the end of the exposure. Total cumula. B .
tive uptake inthe 50 and 500 ppm groups over the 2-hr inhalati wasd ined to N
be 6 and 48 mg/kg body wt, respectively. By the end of the exposure period, 2.1 and 20.8 mg, .
mpecuvely. of intaled TR was climinated from rats inhaling 50 and 500 ppm TR A physio-
togical pharmacokinetic model for TRI inhalation was utilized to predict blood and exhaled
breath conccnlrauons for companson with observed experimental values. Overall, values pre-
dicted by the physiological kinetic model for TRI tevels in the blood and exhaled
breath were in close agrccmcm with measured values both during and following TRI . .
inhalation. © 1989 Academsc Press, o,

T ')

I,1,1-Trichloroethane (TRI), also known as .
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methyl chloroform, has been used in large B :

quantities for decades in industry as a solvent
and metal degreasing agent. Other applica-
tions include its use in adhesives, spot remov-
ers, aerosols, and water repellents. The toxic-
ity of TRI is considered to be of a relatively
low order of magnitude, with depression of
the central nervous system (CNS) (Torkelson
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386 .DALLAS ET AL.

and Rowe, 1981; Kleinfeld and Feiner, 1966;
Stewart, 1968) and cardiac arrhythmras (Dor-
nette and Jones, 1960; Reinhardt ez ‘al., 1973;
Herd et al., 1974) the major effects seen after
high doses in animals and humans. Hepatic
and renal- toxlcrty have: been demonstrated
only after very high acute doses i in ammals
(Plaa and-Larson, 1965 Klaassen and Piaa,
1966, 1967; Gehring, 1968). Historically, hu-
man exposures to TRI have been of greatest
51gn1ﬁcance in industry and other occupa-
tional settings, where €xposures are pnmanly
by inhalation.-Workers are routinely exposed
to TRI vapors in open or closed (i.¢., recircu-
Tating)"'work environments, Employees may
be inadvertently eposed to high concentra-
tions when there has been a spill or equip-
ment malfunction,

Studies of the pharmacokinetics of inhaled
solvents such as TRI are playing an increas-
ingly important role in toxicology. Knowl-
edge of the uptake, disposition, and elimina-
tion of these chemicals is quite useful in
health risk assessments. There is presently lit-
tle kinetic data available involving direct
-measurements of TRI in laboratory animals
during inhalation exposures. The fate of *C-
TRI has been investigated following the ter-
mination of single 6-hr 150 or 1500 ppm in-
halation exposures in rats and mice (Schu-
mann e! al,, 1982a). By 72 hr postexposure,
87-98% of the tptal recovered radioactivity
was eliminated as unchanged TRI in the ex-
pired air. Respiratory ehmination and me-
tabolism of TRI remained approximately the
same after TRI inhalation exposures were re-
peated 5 days/week for 18 months (Schu-
mann ¢! al., 1982b). The fraction of the total
inhaled dose which is climinated dunng on-
going inhalation exposures, however;aas not
been delineated in laboratory animals, Like-
wise, the rate and magnitude of uptake have

not been quantified over time during the
course of TRI inhalation exposures in ani-
mals, It was necessary, for example, for Schu-
mann et al, (1982a) to base estimates of phar-
macokinetic parameters for rats on an as-

sumed constant uptake of 60% of inhaled
TRI over 6 hr of exposure.

Therefore, an objective of the current in-
vestigation was to provide accurate measure-
ments of the respiratory uptake and elimina-
tion of TRI during inhalation exposures In-
haled and exhaled breath concentrations
were monitored at frequent intervals in rats
both dunng and following TRI mhalatxon,
were the minute volume and respiratory rate.
Blood levels of TRI were monitored concur-
remly, SO systemxc uptake and elimination
could be correlated with the respiratory mea-
surements, The exhaled breath and blood
TRI concéntrations were then utilized to
assess the accuracy of values predicted
by a physiologically based pharmacokinetic
model for TRI inhalation.

METHODS

Animals. Adult. male Sprague-Dawley rats were ob-
tained from Charles River Breeding Labora\ones (Ra-
leigh, NC). The animals were maintained on a
light-dark cycle, with light from 0700 to 1900 hr and
darkness from 1900 to 0700 hr, They were housed 1n
stainless-steel cages in a ventilated animal rack. Tap wa-
ter and Ralston Purina Formulab Chow were provided
ad libitum, The rats were used after atleasta §4-day acelis
mation period, at which time they were approximately
12 weeks old and their body wenght rangcd from 325 10

375 g Solvent exp were initiated at ap ly
the same time each day (1000 to 1200 hr),
Test ial. 1,1,1<Trichloroeth 98.3% mini-

mum purity, was obtained from J, T. Baker Chemical
Co. (Phillipsburg, NJ). The punty of the chemical during
the conduct of the study was venfied by gas chromatogra-
phy to be stightly less than 99%.
AmmaI preparauon An lndwelhng carotid artenal
was implanted into each animal, The
rats were anesthetized for the surgxcal procedure by im
nuccnon of 08 ml/kg of a mixture consisung of keta-
mine HCl (100 mg/mi) acepromazine maleate (10 mg/
mi):xylazine HCI (20 mg/mi)in a proportica of 32/
v/v). The imals were maintained in a har-
ness and leley system that allowed relative freedom of
movement in metabohsm cages during a 24-hr recovery
period.
Inhalation exposures, Each cannulated rat was placed
intoa restraining tube of the type used in nose-only inha.
lation exposure chambers (Battelle-Geneve, Switzer-
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FHYSIOGRAPH
FIG. 1. Schematic d of the inhalati p system. An hetized rat in the
tube inhaled TRI through the breathing vatve hed to the face mask, TRI was inhaled from:

the influént mixture gas sampling bag and cxhaled

into the eflluent reservoir bag. Inhaled and exhaled

breath samples were taken fmm their respective sampling ports and arterial blood samples from an indwelle

d on a physiograph. For sake of clarity, the

fng cannula, The rate and volume of respiration were

breathing valve, gas sampling bags, and other compor

land) A face mask designed 1o fit the rat was held firmly
in place on the ammal‘s head by the use of elastic straps,
Which were secured to the restraining tube, A miniature
ized one-way breathing valve (Hans Rudolph, Inc, St.
Louis, MO) was attached to the face mask so that the
valve entry port was dxrcctly adjacent to the nares of the
test animal, The dead space of the valve was 0.5 ml The
valve was designed so that the ncgauvc pressure gener=
atedby the animal'sinspirati pulled the inhatation dia-
phragm open and the exhalation dlaphragm closed
againgt its seat, Upon expiration, the positive p

generated within the device pushed \he exhalation dia-

nents are not drawn to scale,

th yC the breathing valve, and an empty
70-liter gas coltection bag (Fig. 1), The latter bag served
as a reservoir to collect exhaled gas. Thereby, a closed
sysxcm was maintained to prevent release of the agent
into thel Y. TRIinhai i P were initi-
ated only after stable breathing p were established
for the cannulated animals in the system. Just b.,“ore the
initiation of exposure, the solvent vapor was first drawn
out of the gas sampling bag by an air pump attached to
the three-way Inthis the animal was
assured of being subjected at the very start of the expo-
sure toa TRI concentration equivalent to the target con-
in the bag, without sigaificant dilution from

phragm open “and_ the inhalati h closed
against its seat. This established separate and distinct air-
ways for the inhaled and exhaled breath streams with no
significant m‘xing of the inhaled and exhaled aue, The use
of such a device for pharmacokinetic studies of inhaled

dead space air in the system. The test animals then were
subjected to 2-hr TRI inhalation exposures. During this
perod and for up 104 hrafterward, inhaled and exhaled
breath samplcs were taken from the sampling ports at

PP iy the same time as blood samples from the

halocarbonsin small animals has béen described in detail
(Dallas et al, 1986), Inhalation and exhalatio |
ports were located i diately ady tothet

")

carotid artery cannula, Both air and blood samples were
lhcn analyzed fer TRI content by gas chromalogmphy.

valve, A known conccmra\ion of TRI was g

within a 70-liter gas g bag (Cabb
ments, Ardsley, NY) by injecung the appropriate quan.
tity of the test chemical into the bag filled with air, Uni-
form dispersion of the vapor was ensured by a magnetic
sumng bar within the bag. The bag was then conneﬂcd

d p s and I The res-
d Instrue P of cach animal was commuously momlomd
‘The respiratory g was 10

the mc\hods previously used in solvent exposure studics
by thislaboratory (Dallas ¢t al, 1983, 1986). The airflow
created by the animal’s wnspiration was detected by a

h h located in the inhaled airstream be-

in series by Teflon tubing with a p X ph, 2
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tween the influent bag and the brcathmg va.vc The sxg-
alﬂ

nal from the p

ployed in dingthe number of rés-
pirations per.minute (f) in one channel of a physxo-
graph. This signal was then mtcrgxawd over a l-min in-
terval to yield the volume of respiration per minute, or
minute volume (V). A value for the average = tidal vol-

ARTERIAL
#1000

ume (V;) during that l-mm interval was d ined by
dividing V¢ by ffor lhat mmulc An average value for
these fori Is was obtained by
averaging the measurements taken at 10-min intervals
during the 2-hr exposure. The mean + SE of these values
for the 500 ppm exposure group (1 = 6) were Ve = 236.3
& 22.9 ml/min; /= 135.3 & 6 6 breaths/min; and Vy
= 1.74 2 0.18 ml. The mean = SE of these values for the
50 ppm exposure group (™ 6) were Vg w 252 & 14.7
ml/min: f= 129.5 2 13.5 brea\hs/mm and Vy = 196
*0.kml,

Sincethe Vgand the TRI exhaled breath concentration
ateachsampling point were measured, subtraction of the
quantity of TRI exhaled from the amount inhaled
yielded an approximation of the quantity of TRI taken
up ¢ach sampling period (cumulative uptake, o Qe

Qo= (G Ve = (Con Vet), ()]

whete G, is the inhaled concentration: Vg and C,y are
the minute volume and exhaled breath measurements,
respectively, madeat each time point; and ¢isthe interval
of ume between sampling points (every 10 min for Q).
"The successive Q. values are summed to determine cu-
mulauve uplakc overthe 2-hr exposure.

ion of the limination of TRI
dunns inhalation exposure was made as a function of
the Q. and measurements of the inhaled dose. In their
calculation of exhaled breath concentration, Ramsey
and Anderszn (1984) a.ssunwd that alveolar respiration
accounts for 70% of total nspxranon. with 30% of total
r:spn'alnon delegated tothe mhaled air that does not par-
tcipate in alveolar By adding instr |
dead space of the breathing valve in the exposure system
in the present study to this assumed physiological dead
space, a value of $0% of' (otal rcsplrauon was asngnca to
atveolar lation. Th
(Qeaw) Of TRI was estimated by

Qua ™ (CaVius) = Qur [#4]

where the alveolar ventilation is ¥, = 0 5 Vgand ¢isthe
time interval between sequential sampling of the exhaled
breath. As for Qm, with scqucnual dctcxmmauon of

Qaaitisp to the

of TRIduringinhatati Th ive el
wation of TRI following exposure was calculated as Qe
= ConVits

‘The percentage uptake (% Upt) of the total inhaled
dose at each successive ime point dunng the inhalation
exposure period was calculated as

d

AT

RICHLY
PERFUSED

F1G. 2. Diagram of the physiologically based pharma-
cokinetic model used to simulate the uptake and elimi-
nation of inhaled TRI The symbols and parameters used
to describe the model are included in Table § and in the
equations given under Methods,

%Upt_!cim“gm)x lOO’ o)
o

where the TRI alveolar concentration 15 Cyy, » Ci/N, in
which C, is the measured TRI arterial blood level and
Nisthe blo«l air partition coefﬁclcm for TR

A physiologically based kinetic (PBPK)
model was used to describe the disposition of TRl in the
rat (Fig, 2). It was assumed that a blood flow-limited
model was adequate to charactenze the tissue distnbu-
tion of TRI. Compartmental volumes and organ blood
flows were obtained from the literature (Gerlowski and
Jain, 1983; Ramsey and Andersen, 1984) and scaled to
340 g, the mean body weight of rats used in the present
study. Partition coefficients and the metabolic rate con-
stant for TRI were taken from Gargas er al. (1986, 1989),
except for the richly perfused tissue blood and lung:
blood partition coefficients, which were assumed to be
the same as the hiverblood partition coefficient, The
lung:air partition coefficient was then derived by multi-
plying the blood air cocfficient from Gargas et al. (1986)
by the lung.blood coefficient. The alveolarlung mass
transfer coefficient was estimatéd from the value used for
methylene chloride (Angelo and Pntchard, 1984).
Differential mass balance equations, incorporating the
parameters listed in Table [, that described the transport
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TABLE! . .-

PARAMETERS FOR THE PHYSIOLOGICAL
PHARMACOKINETIC MODEL OF TRIIN THE RAT(340 2

gas-tight, 1-ml syringe and injected directly onto an 8 ft
X { in. stainless-steef column packed with 0.1% AT 1000
on GraphPak, Standards were prepared in cach of four
9-liter standard bottles with Teflon stoppers containing
ncedlﬁ used for taking the air samples wath the synnge.

Panameter Vaue o) p were 150°C, injection port:

) 200°C, FID d 350°C, ECD d and 110°C,

AM:’:;,:?;;? ",‘2:' e :ig ggopﬁ:::m,i) nsothcrma! column operation. When using the ECD, gas.

lewmmntmdon 0279/(50 pym exposure) nowmtesot‘ 40 ml/min were employed for nitrogen (car-

G/l o 270 (500 ppm exposure) rier gas), with an additional inakeup gas flow rate of 30
mi/min to the detector.

Blood dows (ml/min) “TRI levels in the blood were measured by GC head-
Cardia¢ output, Oy 1064 space analysis, Blood samples were withdrawn from the
Fat. O 94 arterial cannula via a stopcock by a 1-mi synnge. De-
Liver.Qu 33 2 on the anticipated blood c be-
Muscle, @y 128 .

Richly perhused. O D tween 25 and 200 ul of the blood was taken from the
< stopcock with an Epp of pipet and d to

“;‘;’;‘f‘;i“‘“‘m“ 24 chilled headspace vials (Perkin~Elmer, Norwalk, CT).
¥y * 08 These vials were capped immediately with PTFE-ined
Livee, i 136 butylrubber septaand washersandtightly crimped. Each
Mouscle, P 2480 sample vial was then placed into the HS-6 autosampler
Richly perfused, ¥ 170 unit of a SIGMA 300 gaschromatograph (Perkin-Elmer,
Alveolar, ¥, 20 Norwalk, CT), where it was heated to 80°C by a highe
Lung. ¥ 384 precision thermostat device. A predetermined volume of

Partition coefficients the vapor was then injected automatically into the col
Luogait, R, 86 umn for analysis, Standard solutions were made and as-
F.?Lblood. R, 4.7 sayed by diluting calculated amounts of pure TRlin tolus
Liverblood, Ry 139 ene, transferring 1o vials, and analyzmg as previously de-
t:utgmk (’)«g scnbed. The conceatration of TRY in lhc blood samplcs
;ucmm fused Dhood 14 was then d ined from a standard curve

R, : y from blood that was spiked with thcfc slan.dard solutions.

Miscela astants The column us.cd was an 8 f X { in, stainless-steel col-

ﬁ‘n‘:ﬁ::a?mf:;“ So0mYmin umn packed with FFAP Chromasorb W-AW (80~100
transfet coetficaent, K mesh). Or were 200°C,

Metabolic rate 0415 mine* portt 350° C ECD dclcctor. and 85°C, column oven, The
constant, Ky carrier gas was 5% argon-methanc, at a flow rate of 40

of TR in the rat were numcncally integrated with the
Advanced C Language (ACSL)
computer program (Matchell and Gauthier, Concord,
MA). The soll to the eq provided predicted
‘TR1 concentrations over time, The model-predicted cu-
mulative uptake values were the sum of the simulated
amounts of TRI in each tissue companment in the
model.

Analysis of TRI i air and blood. The concentration
of TRlinthe inhaled and exhaled air samples collected
dunng and following the inhal were mea«
sured with a Traoor MT560 gas chromatogmph (GC)
{Tracor Instruments, Austin, TX). Analyses for the 500
ppm exposures were conducted using a flame ionization
detector (FID), while the analyses for the 50 ppm expo-
sures were conducted using an el capture d
(ECD). In ¢ither case, air samples were procured with a

]

ml/min with 2 makeup gas flow rate of 20 ml/mun to the
detector.

RESULTS

The target concentrations for the TRI in-
halation exposures were 50 and 500 ppm.
The starting concentration of TRI in the bag
from which the test animal inhaled the test
compound wis measured just prior to the ini-
tiation of each exposure. TRI bag concentra-
tions were 515.8 % 20.6 and 53.6 £ 2.2 ppm
(X% SE) for the 500 and 50 ppm groups, re-
spectively. The actual concentrations inhaled
by the animals were determined by measure-
ments of air samples taken from the airway
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F1G, 3. Observed (@) and model-predicted (~) TR in the blood (top graph) and exhaled

breath (bottom graph) of rats during and following a 2-hr 50 ppm inhalation exposure, Each point repre.

sents the mean value for six rats,

immediately adjacent to the breathing valve.
Inhaled TRIconcentrations for the six rats in
each group were 491.6 :£ 11 ppm for the 500
ppm exposures and 51,2 3% 1.2 ppm (X& SE)
for the 50 ppm exposures.

TRI concentrations in the blood and ex-
haled breath of rats during and following in-
halation of TRIiare shown for 50 ppm expo-
sures in Fig. 3 and for 500 ppm exposures in
Fig. 4. Concentrations of TRI in the exhaled
breath generally paralleled concentrations in
the arterial blood, though some differences
were noted. TRI was rapidly absorbed from
the tungs and readily available for distribu-
tion to tissues of the body, in that arterial
blood concentrations of TRI were quite high
at the first sampling time (i.e., 2 min). After
an initial rapid rise, the blood levels increased
steadily but did not reach steady state by the
end of the 2-hrexposures. Exhaled breath fev-
els increased even more rapidly than blood
fevels after the initiation of exposures, attain-
ing near steady state within {0 to 15 min. The
exhaled breath versus time curves were as-

ymptotic, in that they gradually increased
throughout the remainder of the 2-hr inhala-
tion period. An increase in the inhaled con- v
centration from 50 to 500 ppm produced an
equivalent (i.e., 10-fold) increase in the ob-
served blood and exhaled breath concentra-
tions of TRI. Upon cessation of TRI inhala-
tion, the chemical was rapidly eliminated. As
can be seen in Figs. 3 and 4, TRI concentra-
tions in the exhaled breath initially dimin.
ished more rapidly than did blood concentra-
tions. Disappearance of TRI from the blood
paralleled that in the expired air during the
latter part of the postexposure period.

PBPK model-generated blood and exhaled
breath concentrations of TRI are shown as
solid lines in Figs. 2 and 3. Concentrations of
TRI in the expired air were well simulated by
the model during and following the 50 and
500 ppm exposures. Model predictions that
TRI levels in the exhaled breath would
quickly reach near steady state after the expo-
sures began were consistent with the observed
data, with the observed levels slightly lower
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FIG. 4. Observed (@) and model-predicted (—) TRi¢

in the blood (top graph) and exhaled

breath (bottom graph) of rats during and following a 2-hr 500 ppm inhalation exposure, Each point repre-

sents the mean vaue for six rats,

than simulated levels over the course of the
50 and 500 ppm exposures. The model accu-
rately predicted both rapid and slow elimina-
tion phases of expiration of TRI postexpo-
sure. When the mode} was used to describe
the time course of TRI in the arterial blood,
a relatively good fit was obtained during the
500 ppm exposure (Fig. 4). Arterial blood
concentrations were overpredicted by ap-
proximately 20% during the 50 ppm ¢xpo-
sure (Fig. 3). The model predicted a slightly
more rapid decline in blood levels postexpo-
sure in both groups than was observed during
the period of 130-200 min, but levels at sub-
sequent time points were accurately pre-
dicted.

Percentage systemic uptake of TRI ap-
peared to be both concentration- and time-
dependent (Fig. 5). Although percentage up-
take was quite high during the initial minutes
of inhalation of 50 and 500 ppm TRI, a de-
crease of 30-35% occurred during the first
hour. Percentage uptake diminished more

* slowly during the remainder of the exposure

period. As can be seen in Fig, 5, the mean val-
ues after 10 min are slightly but consistently
lower in the 500 ppm group.

Plots of cumulative uptake of TRI during
the inhalation sessions, as calculated by Eq.

os 50 PPM
&w owmee 500 PPM
A3,

.

i
]
i~ —

PERCENT UPTAKE TRI

o 2 40 60 8 100 120
TIME OF EXPOSLRE (MIN)

F1G. 5. Percentage uptake of TRE dunng inhatation ex-
posures, Rats inhated 50 or 500 ppm TRI for 2 hr. Each
point represents the mean  SE for six rats, The percent-
age uptake of the inhaled dose over time was determined
after 1, 3, 5, 10, 15, and 20 mun and at 10-min intervals
thereafter.
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2 et e nation, asdetermined by Eq. (2), was propor-
g:f Sgg :x tional to the inhaled concentration. By the

a

o
yﬂxky

CUMULATIVE UPTAKE (MG)
g

JoX
e e
PRI e mnd >
I 30 60 90 120
TIME OF EXPOSURE(MIN)

Fig. 6 Cumulative uptake of TRI dusing inhalation
exposures. Rats inhaled $0 or 500 ppm TRI for 2 hr. The
quantaty of inhaled TRI retained during successive 10«
minintervals was calculated on the basis of the measured
minute volume and difference between inhaled and ex-
haled TRI concentrations. Each point represents the
mean % SE for six rats The diminutive SE barsare omit-
ted from the 50 ppm values for sake of clarity,

(1), are shown in Fig. 6. Cumulative uptake,
as determined from direct measurements of
the minute volume and TRI concentrations
in the inhaled and exhaled breath, was not
linear in either the 50 or 500 ppm animals.
The departure from linearity was more ap-
parent at the higher exposure level. Total cu-
mulative uptake during the 2-hrexposures, as
ascertained from the direct measurement
data, was 2.2 & 0.2 and 16.7 % 0.9 mg (¥
% SE) in the 50 and 500 ppm groups, respec-
tively. Predicted values for uptake, derived by
summating the predicted levels of TRIin the
model compartments, were significantly less
than these measured uptake values (i.e., after
2 hrexposure to 500 ppm TRI, predicted up-
take was 50% of measured uptake).
Cumulative elimination of TRI in the ex-
haled breath during and following inhalation
exposure is shown in Fig. 7, During TRI ex-
posure, TR11in the pulmonary blood and TRI
not absorbed from the alveolar space each
contribute to the TRI climinated in the ex-
haled breath, Cumulative puimonary elimi-

end of the 2-hr exposure to 50 and 500 ppm
TRI, 2.1 £ 0.2 and 20.8 % 3.0 mg (X % SE),
respectively, were eliminated from the rats in
the exhaled breath, Model-predicted elimina-
tion at the end of 2 hr in the 50 and 500 ppm
groups was approximately 40 and S50%
greater, respectively, than these measured
values. Following the termination of expo-
sure, TRI was eliminated in the exhaled
breath in progressively smaller quamities,
reflected by postexposure plateaus in the
elimination curves. During the 2-hr postex-
posure period;-an additional 0.3 and 3.3 mg
of TRI were eliminated from the animals in
the 50 and 500 ppm exposure groups, respec-
tively.

DISCUSSION

Pharmacokinetic studies are playing an in-
creasingly important role in toxicology and
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6. 7, Cumulative ehimination of TR{ dunng and fol-
lowinginhatation exposures. Ratsinhaled 50 or $00 ppm
TR1 for 2 hr. The quantity of mhnled TRIcliminated in
the breath over ime was calcul: g direct
ments of the minute volume and TR concenlrauons in
the inhaled and exhaled breath, Each point 1s the mean
2 SE for six rats. Cumulative elimination was deter-
muned for successive 10-min intervals dunng the 2-hrex-
posure, and for successive 1S-mun intervals postexpo-
sure.
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in health risk assessments (Clark and Smith,
1984; Clewell. and’ Andersen, “1985; NRC,
1987). Unfortunately, there is relatively little
information available on the uptake and dis-
position of TRI and many other VOCs dur-
ing ongoing inhalation exposures. Most phar-
macokinetic studies of TRI have focused on
the.elimination of the chemical and its me-
tabolites following the cessation of exposures
(Stewart et al, 1969; lkeda and Ohtsuji,
1972; Eben and Kimmerle,© 1974 Seki et al.,
1975; Holmberg ef al., 1977 Caperos et al.,
1982; Schumann et al., 1982a,b). Although
Schumann e al. (19822) utilized rats with an
mdwellmg jugular cannula, just three blood
samples were taken and anaiyzed for TRI
content during a 6- hf inhalation session.
Similarly, blood levels appear to have been’
taken for TRI analysxs only three times from
human volunteers during 6 hr of TRI inhala-
tion (Nolan et al, 1984). These few time
points arc not sufficient to accurately define
blood concentration versus time proﬁles, or
to recognize changes which may occur in ki-
netics during the course of exposures.

‘The monitoring of blood and breath levels
of VOCs in animals has been primarily re-
stricted to times after termination of expo-
sures, due to problems involving restricted
access to subjects in inhalation chambers and
metabolism cages and technical difficulties in
working with small animals. In the present
study we have utilized a technique which al-
lowed direct, simultaneous measurements of
respiratory parameters, inhaled and exhaled
breath concentrations of TRI, and TRI blood
levels in unanesthetized rats during expo-
sures. The separation of the inhaled and ex-
haled breath streams, by use of a miniatur-
ized one-way breathing valve, facilitated ac-
curate serial determinations of airflow and
TRI concentrations in the inhaled and’ ex-
haled\ breath. A simifar nonrebreathing valve
has been used previously for assessing respi-
ratory volumes and gas exchange (Mauderly
et al,, 1979), though it has apparently not
been used in pharmacokinetic studies, This

approach ailowed us to directly monitor res-
piratory uptake and elimination of TRI, a4
VOC for which pulmofary clearance is the
major route of elimination. Indeed by the end
of the 2-hr 50 and 500 ppm inhalation expo-
sures, we determined that 52.5 and 56.3%, re-
spectively, of the inhaled dose had been ex-
haled.

Percentage uptake of inhaled TRI was
highly time-dependent. The percentage up-
take of inhaled TRI has apparently not been
prevmusly determined in laboratory animals.
Schumann et al, (l982a) assumed that 60%
of inspired TRI was absorbed by rats
throughout a 6-hr exposure. The rate of
transfer of TRI from alveoli to blood should
initially be very rapid, but become progres-
sively slower as the chemical accumulates in
the blood and tissues. This pattern was re-
flected by the time course of systemic uptake
of TRIin the current study, where percemage
uptake decreased from more than 80% at the
beginning to less than 50% at the end of the
2-hr exposure. Initial uptake of inhaled TRI
is governed by tissue loading and metabo-
lism. Once the tissues have reached steady
state, continued uptake will be dependent
upon the rate of metabolism of the chemicals.
Since TRI is very poorly metabolized by the
rat and by humans (Ikeda and Ohtsuji, 1972;
Schumann et al., 1982a; Nolan er al,, 1984),
percentage uptake would be expected to be
very low once steady state was reached.
Steady state was not reached in our study, as
percentage uptake progressively decreased
over the 2 hr of exposure. Monster et al.
(1979) found that percentage uptake of in-
hated TRI by humans decreased rapidly from
approximately 95% at the onset to 30% at the
end of 4-hr exposures. Nolan et al. (1984) re-
ported that human volunteers exposed for 6
hr to 35 or 350 ppm TRI retained about 25%
of the chemical to which they were exposed.
The greater percentage uptake in rats than in
humans is consistent with a higher TRI
blood:air partition cocfficient and greater car-
diac output/pulmonary blood flow in rats
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thanin humans(Reitzer ol 1988).Sincesys-
iemic uptake of TRI i lsumc-%:pc‘nd:nh aver-
age values of percentage uptake for short in-
tervalsmay be misleading and have litde rele-
vance for health risk assessments.

TRI exhibits linear kinetics over a wide
dosage range. Exhaled breath fevels and
blood Ievels of TRI were dircctly propor-
tional fo the inhaled concentration (i.e.. 50
and 500 ppm) of TRI throughout the 2-hrex-
posures in the current study. Similar findings
were reported in humans exposed for 6 hr to
35 and 350 ppm TRI (Nolan ez al., 1984).
Schumann ef al. {1982a) found that the
amount of TRI exhaled by rats and mice in-
creased cight- 1o ninefold when the inhaled
concentration of TRI wasincreased from 150
to 1500 ppm. These investigators also ob-
served that blood levels, tissue fevels, and
body burden of **C-TRY were cach propor-
ional to 2xposure level in both species. Al-
though TRI was poorly metabolized, Schu-
mann ef al, (19823) demonstrated that its
biotransformation by mice and rats was a
dose-dependent, saturable process. Meta-
bolic saturation in rats was belicved to occur
between 500 and 1500 ppm, if not near 500
ppm. Metabolic saturation, however, had lit-
tle apparent effect on the overall pharmacoki-
netics of TRI, since biotransformation was a
minor route of elimination. The kinetics of
TRI is governed largely by its partition co-
cfficients (e.g., blood:air, tissue:blood) and
the physiology (e.g., respiratory rate and vol-
ume, cardiac output, tissue volumes, and
blood flow rates) of the animal.

The major route of elimination of TRI in
laboratory animals and in man is exhalation
of the parent compound (Schumann ez al.,
1982a; Nolan et al.. 1984). Nolan and his col-
‘leagues measured TRI in the exhaled breath
of male human voluntcers during and after
6-hr inhalation sessions. The exhaled breath
levels after 1.5 hr of exposure to 35 and 350
ppm TRI were 0.14 and 1.28 pg/ml, respec-
tively. Assuming a lincar scaleup to a 50 and
500 ppm exposure, the exhaled breath levels

-,

in humans would be 0.2 and '1.33 pg/mL
ﬂ)csc\nlusamquucm-nmblcwcxhalcd
breath levels measured m‘ﬁzc present study

aﬁcrljhrofcxpowmofmlstosoaudsm»

ppm TRI (i.c.. 021 and 2.16 pg/ml. sespec-
tively). The similarity in magmtude in ex-
haled breath levels of TRI between rats and
manisan unexpected finding. It would bean:
ticipated that alveolar and presun. A1y ex-
haled brestit concentrations of TRI would be
lower in rats than in man, due to the rat’s
higher blood:air partition coefficient and
greater percentage uptake of inhaled TRI.
The aforementioned physiological param-
cters and biochemical constants were used to
input into a PBPK model for inhalation of
TRI. Qur model accurately predicted the
time courses of TRI in the blood and exhaled
breath of rats both during and following ex-
posure to 50 and 500 ppm TRI. Cumulative
uptake over the 2-hr exposure, however, was
underpredicted by our model. The soursc of
the discrepancy between the predicted and
the measured uptake value is unclear. Revi-
sions of the model may be warranted by find-
ingsin ongoingstudies of TRI concentrations
in tissues of exposed animals. These data
should be useful in verifving tissue:blood par-
tition coefficients, tissue compartments, and
tissue volumes. Reitz ef al, (1988), for exam-
ple, found that most of the changes in the
pharmacokinetics of TR1 in older rats could
be accounted for by increasing the size of the
fat compartment in their PBPK model. Reitz
et al. (1988) used their model to accurately
predict blood and exhaled breath concentra-
tions measured in humans subjected to TRI
inhalation exposures. The investigators also
utilized the PBPK modél to predict TRI
blood levels and amounts metabolized post-
exposure in mice, rats, and humans, as well
as to describe the kinetics of TRI in rats after
ivinjection, bolus gavage, and drinking water
administration. Thus, it appears that PBPK
models can be quite useful in predicting the
time course of TRI concentrations in the
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body of different specics under diffefent-ex-
posure conditions.

Major species differences have been ob-
served in the pharmacokinetics of inhaled
TRI. After 1.5 bir of £xposure to 35 or 350
ppm TRI, humans had mean blood levels of
0.14 and 1.62 yglml respectively (Nolan e
al., 1984). Afier being normalized for differ-
ences in inhaled concentrations, mean blood
levelsin ratsin the present investigation were
approximately 3.6-fc1d higher than the Ievels
measured in humans Schumann e al
(1982a) reported blood levels of TRI in rats
similarto those obscned in the present study
(“.hcn normalized for inhaled concentra-
tion). The lower blood levels in humans are
consistent with a lower TRI blood:air parti-
tion coefficient for man (2.53 versus 5.76 for
rats)and the greater adiposc tissue volume in
man (23.1% versts 1 1% inrats). Ina compar-
ison with the nefmalized data of Schumann
et al. (1982a), Nolan et al. (1984) noted that
blood levels in mice and rats inhaling TRI
were 17.3 and 3.5 times higher. respectively,
than those measured in humans, When deter-
mining the actual inhaled dose at equivalent
inhaled concentrations, one must consider
the wide variation in volume of respirations
and body weight between specics. Assuming
a4.2liters/min alveolar ventilationand 70 kg
body wt for man {Ganong, 1979), the rats in
the present study reccived an inhaled dose ap-
proximately six times greater than that of the
humans in the study by Nolan et al. (1984),
Nolan and his colleagues determined follow-
ing a 6-hr exposure to 150 ppm TRI that
mice, rats, and humans metabofized 0.16,
0.06, and 0.014 pmol/kg/ppm, respectively.
Thus, mice and rats should be more suscepti-
ble than humans to TRI toxicity at cquiva-
fent inhaled concentrations, due to signifi-
cantly greater systemic absorption and me-
tabolism of the chemical,

Meaningful health risk assessments require
a carefuf selection of the measure of dose. In
the present study systemic uptake of TRI is

* measured directly during the initial phasc of

inhalation exposure. when significant loading
of tissues is occunring. Once tissue loading is
completed (i.c.. steady state is reached), very
Tittle uptake of TRI should occur because of
the poor metabolism of the chemical. Thus,
the common practice of assessing dose by
mﬁl(ipl\ing ventilation rate by inhaled con-
ccnlmnon would be very misleading during
grolonged exposures. A momlogxml measure
of target organ dose or tissue exposure would
be the area under the tissue concentration
sersus fime curve. The concept and rationale
for selection of appropriate target organ dose
measures (i.c.. tissue dosimetry) are discussed
in detail by Andersen (1987). It is important
that target organs and mechanisms of toxicity
be elucidated. so that the agent(s) responsible
for toxic cffects are identified and can subse-
quently be quantified and correlated with the
magnitude of toxicity in the 1arget tissue(s). It
is not clear for TRI whether the parent com-
pound or its metabolites should serve as the
dose measure, or surrogate, } \\’ar—lethal expo-
sures arc required for effects on most tasget
organs. Carcinogenicity bioassays have been
negative, or inconclusive. Reitz ez al. (1988)
decided to use the average concentration of
TRI in the liver over a lifetime (ACL) as a
dose surrogate. These investigators used a
PBPK mcdel to calculate ACY.s for compari-
son of internal doses received by mice and
rats in long-term toxicity studies versus hu-
mans drinking TRI-contaminated water.
Unfortunately, there is a paucity of data on
actual concentrations of TR1in the liver and
other organs. Direct measurement studics are
needed to generate tissuc concentration ver-
sus time dafa sets for rigorous validation of
PBPK model predictions of dose surrogates.

APPENDIX

Mass Balance Differential Equations for
Physiological Pharmacokinetic Model*

Arterial Blood

dG_ (G _
wi=o(d-a).
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Venous Blood X il
dac, Cy (o

r By 5 LU )

¥ b dt Qll R, + Qﬂ R
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Alveolar Space
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VR,G, + h(R, ,) .
Lung

olegere-d)

Liver
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Richly Perfused
dc, C
7 ——t = -
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Note. *C; = concentration of TRI in com-
partment /. See Table 1 for the definition of

the other symbols. **u(z) = 1 for 1 < 120 min
and 0 for > 120 min.

ACKNOWLEDGMENTS

‘The authors are grateful to Ms. Linda Quigley, Miss
Elizabeth Lehman, and Mrs. Judy Bates for their exper-
tiscin ion of this

REFERENCES

ANDERSEN, M. E. (1987). Tissue dosimetry in risk assess-
ment, or what's the problem here anyway? In Pharma-

cokineties in Risk A: Vol. 8, Drinking Water
and Health, pp. 8-26. National Academy Press, Wash-
ington, DC.

ANGELO, M. J.. AND PRITCHARD, A. B, (1984) Simula-
tions of methylene chloride pharmacokinetics using a
physiologically based model. Regul. Toxicol. Pharma-
col. 4,329-339.

CAPEROS, J. R.. DROZ, P. O., HAKE, C. L., HUMBERT,

+B. E.. AND JACOT-GUILLARMOD, A.(1982). 1,1,1-Tri-

hlorocth biological monitoring by
breath and uripe analysis. Int. Arch. Occup. Environ.
Health 49,293-303.

CLARK, B., AND SMITH, D, A. (1984). Phanmacokinctics
and toxicity testing. CRC Crit. Rev. Toxicol. 12, 343«
385.

CLeweLy, H. J..AND A\nmss.v M. E.(l985) Rnskas

fations and p 1
Toxicol. Ind, Ilmlth 1,111- 131

DaLLAS, C. E.. BRUCKNER, J. V., MAEDGEN, J, L., AND
WEIR. F. W (1986) Amethod for direct measurement
of sy d elimination of volatl
insmallanimals J, Ph ol. Methods 16, 239250,

DALLas, C. E., WEIR, F. W., FELDMAN, S, PUTCHA, L.,
AND BRUCKNER.J. V. (1983). The uptake and dispost-
lion of 1, i-dichloroethylene in rats during inhalation
exposure. Tovcol, Appl, Pharmacol, 68, 130-151,

DORNETTE, W. H. L., AND Jows 1P, (1960) Clmxcal

expericnoes with 1,1, L-trich h Ap
report of 50 hetic administrations. Anesth AnaIg.
39,249-253.

EBEN, A.. AND KIMMERLE, G. (1974), Metabolism, ex-
cretion and toxicology of methy! chloroform in acute
and subacute exposed rats. Arch. Toxikol, 31, 233~
242,

GANONG, W. F. (1979). Review of Medical Physiology.
p. 500. Lange Medical Publications, Los Altos, CA.
GARGAS. M. L., ANDERSEN, M. E., AND CLEWELL, HL. J.,
111 (1986) A physiologically based simulation ap-
proach for determining metabolic constants from gas

uptake data. Toxicol Appl. Pharmacol. 86, 341-352.

-




o e o g -
KINETICS OF INHALED TRICHLOROETHANE
GARGAS, M. L., BURGESS, R. J., VOSARD,.D. E,, Ca-
SON, G, H., AND ANDERSEN, M. E- (1989). Partition
cocflicients of low far weight volaule chemical Health.
in various liquids and tissues. Toxicol. Appl. Pharma-
€0l.98,87-99.

GEHRING, P. J. (1968). Hepatoxic potency of various
chlorinated hydrocarbon vapors relative to their nar-
coticand lethal potencies in mice. Toxicol. Appl, Phar-
macol. 13,287-293.

Gmwwsm. L.E, AND JAXN, R. K (1983) Phys:olop~
éally-based ph
applications. J, Pharm. Sci, 72, 1103-1127

HERD, P. A, LipsKY, M., AND MaRrTIN, H. F. (1974).
Cardiovascular effects of 1,1,1-trichloroethane. Arch
Environ, Health28,227-233.

HOLMBERG, B , JaxoBsON, 1., AND SIGVARDSSON, K.
~ (1977). A study on’ the dxstnbuuon of methy! chloro-
formand ingand afterinha-

397

National Research Council (NRC) (1987). Pharmacoki-
netics in Risk Assessment, Vol. 8, Drinking Water and
Wach DC.
PLAA, G. L. AND LARsov R. E. (1965) Relative neph-
hane, cthane,and
cthylenc dcnvauvcs in mice. Toxicol. Appl. Pharma-
col. 7,37-44.
RAMSEY,J.C. AVDANDERSEN,M E.(1984). Aphysxo-
based d of the inhalati
wkmeueg of styrene in rats and humans. Toxicol.
Appl. Pharmacol 73, 159~175.

REINHARDT, C. F., MULLIN, L. S., AND MAXFILED,
M.E. (1973) Epmcphnno-mduced mrdxac archyth.
micp | of some } J.
Ooalp. Med. 15,953-955.

RErrz, R, H ,MCDOUGAL, J. N., HIMMELSTEIN, M. W.,
NouN. R.J, AND SCHUMANN A. M. (1988). Phys-

i deling with

National Acad

lation. Scand. J, Work Environ. Health 3,43-52,

ly
Hulehlarnf; Tminl

for i ics, high
lations. Toxicol,

Y
dose/low d: anddose

IKEDA, M., AND Onitsust, H. (1972). A
study of the excretion of Fujiwara mwon-posiuve
subsunocs in urine of humans and rodents given

hl ofeth deth-
ylene, Bnl J. Ind. Med. 29,99-104.

Appl. Pharmacol. 95, 185-199.

SCHUMANN, A, M., Fox, T.R., AND WATANABE, P.G.
(I9823) [l‘r'l' hel ~hl, ry (l l l' o h
anc) Pharmacokinetics in rats and mice following in-

KraasseN, C. D., AND PLaa, G. L. (1966). Relati
effects of various chiorinated hydrocarbons on liver
and kidney function in mice. Toxicol. Appl. Pharma-
col.9,139-151.

P Toxicol. Appl. Pharmacol. 62, 390~

401.
SCHUMANN, A. M., Fox, T. R., AND WATANABE, P. G,
(1982b). A comparison of the fate of inhaled methyl
hloroform (1,1, 1-trichlorocthane) following single o

Krasssen, C. D, AND Praa, G. L. (1967). Relati
effects of various chlorinated hydrocarbons on liver
and Kidney function in dogs. Toxicol. Appl. Pharma-
col. 10, 119-131.

KLEINFELD, M., AND FE!NER, B. (1966). Health hazards
associated wath Witk in confined spaces. J. Occup.
Med. 8, 358-364.

MAUDERLY, J. L., TESAREK, J. E., SIFFORD, L. J., AND
SIFFORD, L. J, (1979). Rspmtory measurements of

dated small labx Is using nonre-
breathing valves. LabAmm. Sel. 29,323-329.

MONSTER, A. C., BOERSMA, G., AND STEENWEG, H.
(1979). Kinetics of 1,1,1-trichloroethane in volun-
teers: Inf} of ion and work
load. Int. Arch. Occup Environ Health42,293-302,

MORGAN, A., BLACK, A.;AND BELCHER, D. R.{1972).
Studies on the absorption of halogenated hydrocar-
bons and their excretion in breath using 38C1 tracer
techniques. Ann. Occup Hyg. 15, 273-282.

NotaN, R. J., FRESHOUR, N. L., Rick, D. L., Mc.
CARTY, L. P., AND SAUNDERS, J. H. (1984). Kinetics

repeated exposure in rats and mice. Fundam. Appl.
Toxicol. 2,27=32.

SEKI, Y., URASHIMA, Y., AIKAWA, H, MATSUMURA,
H., ICHIKAWA, Y., HIRATSUKA, F., YOSHIOKA, Y.,
SHIMBO, S., AND IKEDA, M. (1975). Trichloro-com-
pounds in the urine of humans exposed to methyl
chloroform at subthreshold levels. Int, Arch. Arbeits-
med. 34, 39-49.

STEWART, R. D. (1968), The toxicology of 1,1,1-tnchlo-
rocthane. Ann, Occup. Hyg. 11, 71=79,

STEWART, R. D., GAY, H. H.. SCHAFFER, A. W., ERLEY,
D.S., ANDROWE, V., K.(l969) Experimental human

1o methyl chlotoform vapor. Arch. Environ.
.Health 19,467-472,

TORKELSON, T. R., AND ROWE, V. K. (1981), Haloge-
nated aliphatic hydrocarbons containing chlorine,
bromineand iodine. In Patty’s Industrial Hygiene and
Toxicology (G. D. Clayton and E. Clayton, Eds ), 3rd
ed., pp. 3502-3510, Wiley, New York.

VENG-PEDERSEN, P, (1984). Pulmonary absorption and

and metabolism of inhaled methyl chloroform (1,1,1- ol' ds in the gas phase: Theoretical
ich} hane) in male vol Fundam. Appl., phar ineticand toxicoki Yysis.J, Pharm.
Toxicol. 4,654-662. Sel. 73, 1136-1141,

RS

PR




-
>

4
o s
emame b e -

3 APPENDIX B

P

v ol R

* F

GALLEY PROOF OF PAPER IN PRESS IN

~

S T TOXICOLOGY AND APPLIED"PHARMACOLOGY . ) - ,
i — .

Dallas, C.E., Ramanathan, R., Muralidhara, S., Gallo, J.M., and
@ Bruckner, J.V. "Physiological pharmacokinetic modeling of inhaled
trichloroethylene in rats." In press, Toxicolo and ied

Pharmacology, 1991.

v o v
e

T B

o

N




R T

TOXICOLOGY AND APPLIED PHARMACOLOGY 110, 000-000 { l§9|)

Physiological Pharmacokinetic Modeling of Inhaled
L e " Trichldroethylene in Rats'?

S

@' .
PN
*
ot A - S———————————_—~

CHaM E. DALLAS, JAMES M. GALLO,* RAGHUPATHY RAMANATHAN,
SRINIVASA MURALIDHARA, AND JAMES V., BRUCKNER ;

.

; .. Department of Pharmacology and Toxicology. *Department of Pharmaceutics. . . P
Fosiadinsl College of Pharmacy, University of Georgia, Athens, Georgia 30602
o

Receised October 15, 1990: accepted Jure 1. 1991

20 Moadal,

Physiological Ph ki g of Inhaled Tal hylene in Rats, Dattas. G E.,
GALLO. J, M.. RAMANATHAN, R, Mumuomm. S. AND BRUCKNER J. V. (1991). Toxicol.
Appl. Pharmacol, 110; ses-nem. The ph e (TCE) was chars
ized during and following inhalati p of male Sprague-Dawlcy rats. The blood
and exhaled breath TCE time-course data were uscd 10 formulate and assess the accuracy of
dictions of a physioltogically based ph ki (PB-PK) model for TCE inhalation. Fifty
or500 ppm of TCE was inhaled by unancsthetized rats of 325-375 g for 2 hr through a miniatunzed
one-way breathing valve. Repeutive samples of the inhaled and exhaled breath streams, as well
as arterial blood, were collected concun-emly dunng and ror 3hr followmg the exposures and
lyzed for TCE by head gas ch Resp Y, rates and volumes were con«
i d and usedin ¢ with the ph kinetic data to det uptake
and ehmmauon profiles. Levels of TCE in the exhaled breath attained near steady-state soon after
the beginning of exposures, and were then du'cclly proportional to the inhaled concentration,
Exhaled breath levels of TCE in rats were similar in itude to values p ly published
for TCE inhalation exposures of humans, Levels of TCE in the blood of the 50 ppm-cxposcd .
animals also r.\ptdly appmchcd near steady-state, but blood levels in the $00 ppm-exposed animals
08¢ pProgr ly. eeaching ions 25+ 10 30-fold higher than in the 50 ppm group dunng
-~ the second hour of exposure, The 10-fold increase in inhaled cuncentration resultad an an 8.7+ .
fold increase in cumulative uptake, ot total absorbed dose, These findings of nonlinearity indicate *
that metabolic saturation ensued during the S00 ppm exposure. The PB-PK model vas characs
terized as blood flow-limited with TCE eliminated unchanged in the exhaled breath and by saturable
liver metabohism, The uptake and elimination profiles were accurately simulalcd’by the PB-PK
model for both the 50 and 500 ppm TCE exposure levels, Such a model may be quite useful in
risk inpred, e, Y ically absorbed) doses of TCE and other volatle
organics undec a vancly of exposure S0CNAM0S.  © 1991 Acsdernwc Press, boc,

Trichloroethylene (1,1,2-trichloroethylene,
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To whom pondence should be addressed,

TCE) is 2 volatile organic compound (VOC) ‘

which has been widely used as a surgical an-
esthetic, furmigant, extractant in food process-
ing, metal degreaser. dry cleaning agent, and
solvent in other commercial applications. It
has been estimated that of 3.5 million persons
believed to be occupationally exposed 10 TCE
in the U.S,, at least 100,000 workers are ¢x-
posed full-time, and that two-thirds of these

ool 0041-008X/91 5300 4
C. Copyrght © 1991 by Academc Press, b, o
3 Al nghis of eepeodktion 14 20y forme rescrved, | 34
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are in work environments where there are nét

deq control (NIOSH 1978).
Although excessive exposures to TCE vapors
have resulted i in cardnac arrhythmias and in
central nervous system depression, most oc-
cupational exposures do not fesult in apparent
manifestations of toxicity (Defalque, 1965;
NIOSH, 1973; U S. EPA, 1985). There i iscon-
siderable concern, however, that TCE may be

=~ «-a human carcmogcg TCE has been reported

~ to"produce an incréased incidence of hepato-
cellular carcinoma in B6C3F1 mice subjected
daily for their lifetime to high oral doses of
the chemicaf (NCI, 1976; NTP, (983). More
recent studies have also shown that TCE can
be carcinogenic in animals upon inhalation
exposure (Fukuda et al., 1983; Maltoni et al.,
1988).

Assessment of toxic and carcinogenic risks
of exposure to TCE and other VOCs has be-
come a subject of major importance over the
Iast decade. Although it -has’ formerly been
common practice to calculate risk estimates
on the basis of administered dose-toxicity/tu-
mor incidence data, it is now recognized that
the internal, or target organ dose is a more
accurate and direct determinant of the mag-
nitude of injury. The dose of chemical actually
rcachmg a target organ is dependent upon ki-
netic processes which may vary considerably
with the administered dose, route of exposure,
and animal species. Thus, recognition and use
of pharmacokinetic data can substantially re-
duce uncertainties inherent in the route-tn-
route, high-dose to low-dose and species-to«
species extrapolations often necessary in risk
assessment (Gehring et al., 1976; Clewell and
Andersen, 1985; NRC, 1987).

There have been a relativelydarge number
of studies of the pharmacokinetics of TCE in
humans, but data on_the time-course of al-
veolar and blood levéls during ongoing inha-
lation exposures are quite limited, Most hu-

proﬁles are incmsingly’ limited by the ethical
question of " exposmg persons to a potential
human carcindgen. Thus, mvesugauons uti-
lizing labomtory animals must be largeiy relied
onto provnde such mfonnauon

Surpnsmgly, there are relatlvcly few data
available in the hterature on the time-course
of TCE or its metabolites in laboratory animals
inhaling the chemical. Most existing studies
are limited to the élimination phase l‘ollowmg
exposure.(Kimmerle and Eben, “1973b; Na-
kajima et al., 1988; Fisher et al, 1989). Tech-
nical difficulties with measuring solvent uptake
and respiratory funcuons seriafly in small an-

“imals dunng inhalation exposures have hin-

dered accurate definition of TCE uptake and
elimination profiles. Prout ef al. (1985) did
investigate the time.course of TCE and its
major metabolites in the bloodstream of mice
and rats given a §,000 mg/kg oral dose of TCE
in corn oil. The study results are useful qual-
itatively in that they reveal that TCE under-
goes much more extensive first-pass metabo-
lism in the mouse than in the rat. The results
are of limited use quantitatively, however. in
that blood was collected from only one animal
at each time-point. Balance studies in mice
and rats administered (“CJTCE orally (Prout
et al., 1985; Dekant et al., 1986) and by in-
halation (Stott et al., 1982) confirm that mice
have a higher TCE metabolic capacity than
do rats, In cach study, "C levels in animal
tissues were measured only at a single time
(i.e., 50 Or 72 hr) postexposure. Thus, blood
and tissue TCE concentration versus time data
that are presently available are not adequate
to delineate the internal dose of TCE received
during inhalation exposures.

Physiologically based pharmacokinetic (PB«
PK) models have been formulated for 2 num«
ber of VOCs, inan eﬂ'on to better understand
and forccast the dynamlcs of the chemicals in
the blood and tissues of laboratory animals
and h The NRC (1986) was the first to

man studies have focused on the elimination
of TCE and its major metabolites postexposure
(Stewart et al . 1970; Kimmerle and Eben,
1973a; Monster et al., 1976; Sato et al,, 1977).
Additional studics to obtain TCE time-course

describe the use of a PB-PK model for TCE
in route-to-route and rat-to-human extrapo-
lations. Bogen (1988) applicd the styrene PB-
PK model of Ramsey and Andersen (1984) to
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predict relationships between the administered Inhal n expo 7'02 known peenl Cargg J 3
: o : was generated withina 70-hter gas sampling i L4
dpsc ofT_C E, ;.hc IOXIC?lol;gmlly eﬁéc,m{e. d9§€, fnstruments; Atdsley, NY) by injecting the appropriate N }
and the risk 0 cancerin -‘fma_ns' XPErIMEDn=  o,.antity of TCE into the bag filled with air. Uniform dis- vl
tal data were not sul?phed n either case, how-  persion of the vapor was insured by 2 magnetic stimng .
ever, to test the fidelity of the TCE model pre-  bar within the bag. The bag was then connected in series T
dictions. Fisher ef al. (1989) recently developed * by Teflon tubing witha p b h.a ed i
H breathing valve (Hans Rudolph, Inc., St. Louis,

a PB-PK mode] to describe the dy of

TCE and trichloroacetic acid in pregnant rats
exposed to TCE by inhalation and ingestion.

~ - The model simulations compared favorably
2+ -~ with" thie limited blood TCE concentration

Y
MO), and an empty 70-liter gas collection bag. The Tatter

bag served as a reservoir to collect exhaled gas. The-

breathing valve was attached to a face mask designed to

fit the fat, 5o that the valve entry port was directly adjaceat L.
to the nares of the test animal, Thus, separate and distinct

. time data which were available to the inves- aigways for the inhaled a:d exhaled breath streams were :
. s o, Inhalation and exhalati ling potts were
" “tigators. localed immediately adjacent to the breathing valve. Each

PR

In consideration of the foregoing,. the ob-
jectives of the present investigation were to:

cannulated rat was placed into a restraining tube of the
type used in Ty inhalati P chamb
(Battelle-Geneva, Switzerland). The face mask was held

(a) quantify the rate and de of TCE
uptake and elimination over time during the
course of TCE inhalation exposures of rats,
(b) accurately define blood and exhaled breath
TCE concentration versus time profiles during
and after the exposures, and (c) formulate a
PB-PK model for inhalation of TCE based on
the observed time-course data.

MATERIALS AND METHODS

Animals. Adult male Spraguc-Dawley rats were ob-
tained from Charles River Breeding Laboratorics (Raleigh,
NC). The animals were maintained on a constant light-
dack cycle, with light from 0700 to 1900 hr and darkness
from 1900 to 0700 hr. There were housed in stainless-steel
cages in a ventilated animal rack, Tap water and Ralston
Putina Formulab Chow were provided ad libuum. The
fats were used after at least a 14-day acclimation pedod,
at which time their body weight ranged from 325-375 ¢.
TCE evp were initiated at imately the same
sime cach day (1000 to 1200 ha). ’

Test material. Teichloroethytene (YCE), of >99.99%
pufity. was obtained from ), T, Baker Chemical Co. (Phile
lipsburg. NJ), The purity of the solvent was verified by gas
chromatigraphy.

Animal preparation, All rats were surgically implanted
with an indwelling carotid artery cannula, which exited
the animal at the back of the neck, The rats were anes-
thetized for the surgical procedure by im injection 0f 08
mYfkg of a mixture consisting of ketamine HCI (100 me/
ral), acepromazine maleate (10 mg/mi), xylazine HC1(20

firmly in place on the ammal's head by the use of elasue
straps, which were secured to the restraining tube. This
basic inhalation exposure setup has been llustrated pre-
viously by Dallas ef al. (1989). TCE exposures were ini«
tiated only after stable breathing patterns were ished
duringa [-hr acclimation period. During the 2 hr of TCE
exposurcand for 3 hrafterward, serial inhaled and exhaled
breath samples were taken at approximately the same time-
as blood samples from the carotid artery cannula. The
blood samples were then analyzed for TCE content by
headspace gas chromatography, whereas the air samples
were injected directly into the gas chromatograph.

Respi } ¢ and calculations. The res-
piration of each animal was continuously monitored ace
cording to previously pubhsl}cd methods (Dallas et al,
1983, 1986), The airflow creatéd by theanimal'sinspiration
was recorded both during and following TCE inhalation
exposure in terms of minute volume (volume of respiration
per minute, o Ve). respiratory rate (f), and tidat volume
{¥x). Mean values for these parameters were obtained by
averaging the measuzements taken at 10-min intervals in
individual ammals during the 2-he exposures, Mean £ SE
values for the 500 ppm-exposure group {n = 6) were: Ve
w2180 & 20.2 mi/min, /= 1284 * 7,1 breaths/min, and
Vy = 1,71 & 0,15 mi, Means  SE for the 50 ppm group
(1= 6) were: Vg = 268.9 £ 15,5 ml/min, /= 1320 2 7.3
breaths/min, and ¥y » 2,12 £ 020 ml,

Calculations of TCE uptake and elimination were con«
ducted utihzing the equations presented in a previous YOC
iahalation study in rats (Dallas ef af , 1989). Since the Ve
and the exhaled breath TCE concentration a1 each sam-
piing point were measured, subtraction of the quantty of
TCE exlialed by the animal from the amount inhaled
yielded n estimation of the quantity of TCE taken up
during seq 1 sampling periods (¢ uptake).

mg/ml) in a proportion 6f 3:2:1 (viv.v), The fated
amimals were maintained in a harness and pulley system

The peken(agc uptake during each exposure pedod was

that anowedﬂlelalive freedom of tin bol
cages dunng a 24-ht recovery period afler surgery.

d by dividing the lative uptake by the lotal
inhaled dose for that time penod. The statistical signifi-
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cance of di ﬂ'erencu bclween the 50 and 500 ppm animals
in percentage uptake at each time point was assmd by

wnﬁ?ﬂunpalrcd 1 tes7, with p < 005 chosen at the.

‘minimur level of sighificance.
* PB-PK mudel, A PB-PK model was used to descnbe
the disposition of TCE in the rat (Fig. I) Tt was agsumed
that a blood-flow-limited model was adequate to  charac-
terize the tissue distribution of TCE: Pmnous PB-PK
models for YOCs bave utitized blood-flow-limted organ
(Ramsey and Andersen, 1984; Angelo and
Pmchard 1984: Dallas et al ; 1989). Compartmental vol-
- . umesand organ blood flows were obained from the values
- . Used by Ramsey and Andersen (1984) for rats, and scaled

ferential mass balance equations, mcorporaung the pa.
rameters listed in Table 1, that descnbed the transport of
TCE in the rat as depicted in Fig. 1, were numencally
solved with the ACSL (Advanced Continuous Simulation
Language) compmer program (Mnchell and Gauthier,
Congord, MA). The solution to the equations provided
predicted blood and exhaled breath TCE concentrations
as a function of trme,

Analysis of TCE in air and blood. The concentration
of TCE in the inhaled and exhaled .'ur was measured Wllh
aTracor MT560 gas h{Tracor
Austin, TX): Slandards were prepared in ¢ach of four 9-
liter bottles ‘equipped with Teflon stoppers with néedles

10 340 g. the mean body weight of rats utilized in the  from which air samples could be taken bysynnge.Analm
present study. Tissue blood partition coefficients that  for the 500 ppm exposures were conducted using a flame
€ *characterize the extent of tissue TCE uptake were obtained |on|zauon deleclor (FID), while the analym for the SO
N from Andersen e al. (1987). The Michelis-Menton pa-  ppm inhat > were d using an elec-
rameters, Voo, and K, describing the rate of TCE me-  tron capture detector (ECD). The detection hmits for TCE
bolism, were initi'ly esti § rom Andersen ¢f al.  in air by FID and ECD were 0.5 and 0003 pg/ml. re-
(1987), and were Ky ™ 025 ug/mi and Vo = (833 g/ spectively, The ECD detector was employed for the $0
kg/zin, When scaled to the 340-g rat used in the current  ppm exposures, since most of the postetposure exhaled
$tudy. Vs ® 820 pg/min, The final value of Vi, et breath concentrations in these animals were below the FID
equal t0 75.0 ug/min, provided good ags between  detection hinut. (n either case, air samples were procured
observed and predicted blood TCE ions., Dif+  with a gas-tight, Lml sydinge and injected directly onto
' S aveour L
] L
1
VENOUS ARTERIAL
-] BLOOD | & | LUNG | VBLOOD fmm
A
al
LIVER i
Vea Xen I
MUSCLE On
FAT &
RICILY
VERTUSLO %

f:c. 1, Daagram of the physiotogical pharmacokinetic model used to simulate the uptake and elimnation
of inhated TCE, The symbols and parameters used to describe the mode! ace included in Table 1,
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TABLE 1

PARAMETERS FOR  THE  PHYSIOLOGICAL
PHARMACOKINETIC MODEL OF INHALED TCE INTHE RAT
(G40g) -

Parameter Value

Norwalk, CT), where it was heated 1o a preset lcmperalurc

by a high precision th device. A p

volume of the vapor was then injected zulomaucally into

the column for analysis, Standard curves were genemed

on cach day that measurements were conducted by injec-

tion of known quantities of TCE into headspace vials for
t analysis, The coluin used was an 8-ft X }-

Alveolar ventilation rate 134.5 (50 ppm exposure)
(ml/min), VR, 109 (500 ppm exposire)
Inhaled gas concentration 0.272 (50 ppm exposurc}
. (ug/ml) 2.69 (500 ppm exposure)
. «Blyeolar mass transfer 500 ml/min
coefficient
Blood flows (ml/min}
~~-Cardiac output, 1064
Fat. @ 24
Liver. Qs 39.8
Muscle. Qn 12.8
Richly Petfused. Q, 444
Tissue volumes (ml)
Alveolar 20
Blood 254
Fat 305
Liver 136
Lung 397
Muscle 2480
\Richly Perfused 152
Patition coefficients
Blood-Air 219
Fat:Blood 253
Liver:Blood 1.24
Muscle Blood 046
Richly Perfused:Blood L24
Metabolism Constants
Vooar (ug/min) 750
Ka{ug/mb) 028

an 8-t X [.in. stainless-steel column packed with 0.1%
AT 1000 on GraphPak, Operating temperatures were
150*C. injection port: 200*C, F1D detecton: 350°C, ECD
d and 110°C, isoth { column operation, When
using the ECD, gas flow rates of 40 mlfmin were employed
for nitrogen (carrer gas), with an additional make-up gas
flow rate to the detector of 30 mi/min,

TCE Tevels in the blood were measured by gas chro.
matographic headspace analysis. Blood samples were
withdrawr; from the arterial cannula via a stopeock into
a [-mt syringe, Depending on the 2aticipated blood TCE
concentration, from 25 to 200 ul of the blood was taken
from the stopcock with an Eppendorf pipet and transferred
to ¢chilled headspace vials (Perkin<EImer. Notwalk, CT).
These vials were capped immediately with PTFE Jined
butyl rubbee septa and washers and lightly crimped. Each
sample vial was then placed into the HS-6 auto-sampler
unit of a SIGMA 300 gas chromatograph (Perkin~Elmer,

in. stainless-steel column packed with FFAP chromasorb
WIAW (80~100 . mesh). Operating temperatures were
250°C, injection port; 350°C, ECD detector; and 80°C
column oven. The cartier gas was 5% argon-methane, at
a flow rate of 40 mi/min, with a make-up gas flow rate to
the detector of 20 mi/min.

RESULTS

While 50 and 500 ppm were the target TCE
inhalation concenlrahons. the actual concen-
trations inhaled by the animals were deter-
mined by analysis of air samples taken from
the airway immediately adjacent to the
breathing valve. Mean (+SE) inhaled TCE
concentrations for the six rats in each group
were 499.8 & 12.7 ppm for the 500 ppm ex-
posures and 50.7 & 0.8 ppm for the 50 ppm
exposures.

The time-courses of TCE concentrations in
the exhaled breath and arterial blood were de-
lineated during and for 3 hr following 2-hr
exposures of rats to 50 (Fig. 2) and 500 ppm
(Fig. 3) TCE. TCE was readily absorbed from
the lungs into the arterial circulation, as re-
flected by relatively high blood levels at the
initial sampling time (i.¢., | min). The con-
centration of TCE increased rapidly in the
blood of the 50 ppm animals, reaching near
steady-state levels within approximately 25
min. In contrast, blood levels in the 500 ppm
animals increased steadily, but did not reach
steady-state after 2 hr of TCE inhalation, The
arterial concentrations were not proportionat
to the inhaled concentrations, Blood levels
during the fatter hour of exposure were 25«30
times higher in the 500 than in the 50 ppm
group. Exhaled breath levels of TCE increased
more rapidly than did blood levels after the
initiation of exposures, the former attaining
near steady-state within 10-15 min, The ex-
haled breath TCE concentrations remained
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F16. 2. Observed (@) and model-predicted (—) TCE ¢ in the arterial blood and exhaled

breath of rats during and following a 2:-hr, 50 ppm inhalation exposure. Each point represents the mean

value fof $1x rats.

relatively constant for the 2-hr duration in
both exposure groups. Unlike blood levels, the
exhaled breath levels at near steady-state were
directly proportional to the inhaled concen-
trations. Mean TCE concentrations in the ex-
pired air during the last 1.5 hr of the 2-hr ex-
posures were 34.6 = 1.1 and 340.8 £ 10.6 ppm
(X & SE, n = 6)in the 50 and 500 ppm groups,
respectively.

The disappearance of TCE from the blood
generally .paraileled that in the expired air
postexposure, though some disparity was ob-
served. Concentrations of TCE measured in
the exhaled breath and blood initially de-
creased very rapidly after exposures ceased. As
can be seen in Figs. 2 and 3, the patterns of
elimination differed, in that blood levels di-
minished more slowly than exhaled breath
levels during the first 30 to 45 min postex-
posure. This difference was most pronounced
in the 500 ppm group. Therealter, TCE was
eliminated from the blood and breath at com-
parable rates. The TCE levels were not mon«

itored long enough postexposure to accurately
define the terminal elimination half-lives.
‘The PB-PK model accurately described the
uptake and elimination of TCE in both the
blood and expired air. Model-generated ex-
haled breath and blood TCE concentrations
are represented by solid lines in Figs. 2 and 3.
The predictions of exhaled breath levels during
inhalation were in close agreement with the
direct measurements of expired TCE at both
exposure levels. Postexposure exhaled breath
concentrations were well simulated for the 50
ppm group, and only slightly underpredicted
during the first 45 min for the 500 ppm group,
The progressive increase in blood concentra.
tion during the 2-hr, 500 ppm exposure was
accurately forecast by the modet, The pattern
of uptake of TCE into the blood of the 50 ppm
animals was adequately described, although
the TCE concentrations were slightly overpre-
dicted (i.e., by about 0.1 pg/ml). The model
predicted a more rapid postexposure decline
in blood levels than was observed dunng the
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- Gme(man)
AT tame Saean T
3 Exhaled Breath
T — -
A
150 200 250 300
wne(mn)
F16. 3. Observed (@) and model-predicted (—) TCE in the arterial blood following a 2.
' hr, $00 ppm inhalati D Each point rep the mean value for six rats,

fiest hour in the 500 ppm group. Predicted and
observed postexposure blood concentrations
compared favorably, however, for the 50 ppm
rats,

Percentage systemic uptake of TCE was
time- but not concentration-dependent (Fig,
4). Uptake exceeded 90% during the first §
min in both exposure groups, but decreased
rapidly over the next 30 min. Thereafter, there
was a relatively slow decline in uptake for the
remainder of the 2-hr exposure. Percentage
uptake appeared to be somewhat higher in the
50 than the 500 ppm animals during much of
the first hour, though at no time point was
there a $tatistically significant difference, Per=
centage systemic uptake values (X = SE, n = 6)
during the second hour of exposure for the S0
and 500 ppm groups were 69.9 % 0.5% and
7L} £ 0.8%, tespectively, There was a total
cumulative uptake (% & SE) during the 2-hr
period of 2.96 % 0.32 mg, or 8.4 mg/kg, in the
50 ppm animals and 24.3 % 1.2 mg, or 73.3
mg/kg, in the 500 ppm animals (Fig. 5)

DISCUSSION

There is a lack of definitive information on
the systemic uptake and disposition of inhaled
TCE during exposures, largely due to technical
difficulties in accurately monitoring TCE lev-

PERCENT UPTAKE

[ 0 40, 0 w0 120
TWE OF EXPOSURE (MiN)

F1G. 4, Percentage systemic uptake of TCE over ume
during inhatation exposures. Rats inhaled 50 oc 500 ppm
TCE for 2 hr, Each point represents the mean % SE for
six rats. Percentage uptake of the inhaled dose was deter-
mined after 1, 3, 5, 10, 15, and 20 min and at [0.min
intervals thereafter,
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% SE for six rats,

els in the blood and breath of laboratory an-
imals and humans. It might be anticipated that
TCE would behaye similarly to other relatively
water-insoluble gases. This proved to be the
case in the current study, As TCE is a small,
uncharged, lipophilic molecule, it is readily
absorbed across membranes of the pulmonary
capillary bed into the systemic circulation. The
net rate of transfer from alveoli to blood is
initially very rapid, but becomes progressively
slower as the chemical accumulates in the
blood and tissues. The approach to equilib-
tium in the blood and exhaled breath is quite
rapid, indicative of TCE’s relatively low sol-
ubility in blood and the slow perfusion of adi-
pose tissue, the major site of deposition of the
chemical, These processes are reflected by the
time-course of systemic uptake of TCE, where
percentage uptake decreases over time from
295% at the beginning of exposures to rela-
tively constant levels of 69-71% at near steady-
state. Studies in humans reveal lower uptake
of inhaled TCE, with values ranging from 44
to 58% (Bartonicek, 1962; Astrand and
Ovrum, 1976; Monster et al., 1976, 1979), The
greater percentage uptake in rats can be at-
tnbuted in part to a difference in°blood:air
partition coefficients, in that values for the rat
are 2} 103 times higher than for humans (Sato
et al., 1977; Gargas et al., 1989). Other con-
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tributing factors to the species difference likely
include the higher respiratory rate and cardiac
output of the rat, as well as its greater apparent
capacity to metabolize TCE.

Seﬁucntial measurements of TCE uptake
during the 2-hr inhalation sessions made it
possible to accurately monitor the cumulative
uptake (i.c., quantity retained in the body, or
absorbed dose) of the chemical. There was a
cumulative uptake of'8.4 mg/kg in rats inhal-
.ing 50 ppm TCE for 2 hr. When adjusted for
exposure concentration and duration, this
value is about four times the cumulative up-
take reported by Monster ef al. (1979) in hu-
mans inhaling 70 ppm TCE for 4 hr. Thus,
rats received a substantially greater systemic
dose of TCE on a mg/kg bw basis than do
humans at equivalent inhaled concentrations.

Findings in the current study indicate that
the rat’s capacity to assimilate and metabolize
TCE is exceeded during the course of the 2-
hr, 500 ppm exposure. Although exhaled
breath levels of TCE were directly proportional
to the inhaled concentration, arterial blood
fevels rose 25- to 30-fold with the 10-fold in-
crease in exposure. The blood fevels of the 500
ppm animals progressively mcrca.sed over the
2-hr period, rather than approaching equilib-
rum as was the case at 50 ppm. Stott ef al.
(1982) saw evidence of metabolic saturation
in rats exposed for 6 hr to 600 ppm {“C)TCE.
Metabolic saturation was manifest by a de-
crease in metabolism and increase in exhala-
tion of TCE, when the exposure level was in-
creased from 10 to 600 ppm. Filser and Bolt
(1979) calculated the saturation point for TCE
metabolism to be 65 ppm on the basis of in-
direct vapor uptake studies in male rats, An-
dersen et al. (1987), also wtilizing data from
gas uptake experiments in male rats, deter-
mined the V,,,, for TCE to be 11 mg/kg/hr.
In the present study, the 10-fold increase in
inhaled concentration (i.e.. S0 to 500 ppm)
resulted in an 8.7-fold increase in cumulative
uptake, or total absorbed dose. Thus, meta-
bolic saturation apparently commenced dur-
ing the course of exposure, when there had

AP: Toxicology — TOX6587
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been systemic uptake of a finite quantity
of TCE.

The capacity to metabolize TCE has been
demonstrated by other investigators to be spe-
cies-dependent. The metabolic saturation ob-
served by Stott-et al, (1982) in rats inhaling
600 ppm TCE for 6 hr was not seen at this
exposure level in mice. The dose of TCE re-
quired to produce metabolic saturation in hu-
mans has not been clearly defined. Astrand
and Ovrum (1976) saw no evidence of meta-
bohc saturation in men mhahng 100 or 200
ppm TCE for up to 2 hr, in that percentage
uptake was constant and absorbed dose was
directly proportional to the inhaled concen-
tration. Ikeda et al. (1972) reported that uri-
nary concentrations of total trichloro com-
pounds and trichloroethanol in occupationally
exposed workers were proportional to inhaled
concentrations of up to 175 ppm, but that
there was a relative decrease in trichloroacetic
acid at exposures above S0 ppm.

‘The major routes of elimination of TCE are
metabolism and exhalation of the parent
compound. The climination of TCE in the ex-
haled breath generally paralleled elimination
of the chemical {rom the bloodstream of rats
in the present investigation. This pattemn of
¢elimination of TCE in the blood and breath
is also typically seen in humans, although
clearance is prolonged (Sato et al., 1977; No-
miyama and Nomiyama, 1974). Despite spe-
cies differences in TCE kinetics, comparable
exhaled breath levels have been observed in
rats and humans postexposure. Accounting for
differences in exposure concentration, the
postexposure exhaled breath levels of TCE
from several studies in humans (Kimmerle
and Eben, 1973a; Stewant ¢t al.. 1974; Monster
et al., 1979) were similar in magnitude to the
values of TCE eliminated in the exbaled breath
of rats following inhalation exposure in the
currentinvestigation, Stewart ef al. (1974), for
example, measured concentrations of 0.70 and
0.28 ppm TCE in the exhaled breath of human
subjects 30 and 120 min after termination of
a 3-hr, 20 ppm inhalation exposure. Assuming
a linear scaledown of the 50 ppm data from

the current study, the TCE concentrations in
the expired air of rats at these two time-points
would be 0.92 and 0.28 ppm, respectively.
Such a similarity in the magnitude of exhaled
breath levels in humans and rats was also
noted recently for 1,1,1-trichloroethane (Dal-
las et al.. 1989). The rat blood:air partition
coefficient for each VOC is significantly higher
than that for humans (Gargas ef al.,. 1989).
Although this difference alone would resu'. in
greater respiratory elimination of the VOCs
by humans, itis apparently offset by other fac-
tors, including the higher respiratory and cir-
culatory rates of the rat.

PB-PK models for TCE have been devel-
oped by several groups of investigators. Sato
et al. (1977) formulated a PB-PK model for
respiratory exposure of humans to TCE. The
model included three compartments, with in-
tercompartment exchange of TCE governed
solely by intertissue diffusion. Metabolic and
respiratory excretion were assumed to occur
in the richly perfused tissue compartment.
Fernandez et al. (1977) constructed 2 more
complete PB-PK model, which accurately
predicted respiratory elimination of TCE and
cumulative urinary excretion of TCE metab-
olites in humans. This model included the
three compartments of Sato ef al, (1977), as
well as a liver compartment with blood-flow-
limited metabolism and a lung compartment
for tespiratory absorption and elimination of
TCE. Andersen ef al. (1987) used a PB-PK
model analogous to that of Ramsey and An-
dersen (1984) to predict the influence of com-
petitive metabolic inhibition on uptake of in-
haled TCE in rats. Fisher et al, (1989) subse-
quently modified the Ramsey and Andersen
(1984) model to simulate the kinctics of TCE
and trichloroacetic acid in the pregnant rat
following inhalation and ngestion of TCE.
Additional compartments (i.e.. mammary tis-
sue, placenta, and fetus) were incorporated
into the model, and allowance was made for
certain physiological changes which occur
during pregnancy. The PB-PK mode! of Fisher
et al. (1989) provided a good representation
of TCE and trichloroacetic acid levels mea-
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sured experimentally in matemal and fetal
blood at a limited aumber of times postex-
posure. This moded has been extended recently
“to predict the kinetics of TCE and trichloro-
acetic acid in Jactating rats and nursing pups
(Fisher  al.. 1990).

The PB-PK model used in the cusreat in-
vestigation accurately predicted the time-
courses of TCE concentrations in the blood

o - and eexhaled breath of rats during and follow-

mg inhalation exposure to S0 and 500 ppm
TCE..The mode is similar to those of Ramsey

~and Andersen”(1984) and-Angelo and Prit-
chard (1984). Qur PB-PK model differs in that
it includes a separate lung tissue compartment
and a lung-alveolar mass transfer coefficient,
which describes the bidirectional transfer of
TCE across the alveolar membrane. It is only
necessary to alter the experimentally deter-
mined inhaled concentration and minute vol-
ume in order to obtain simulitions of TCE
\kmeucs under different inhalation exposure
sccnanos. Mcxabohc saturation, manifest by
the progrcssnc. dxspropomonale increase in
blood fevels in the hngh-dose (i.c., 500 ppm)
animals, was aocumtciy forecast. There was
also good agreement between predicted and
observed blood and breath levels during most
of the postexposure period. Previous investi:
gators, including Fisker et al, (1989), have had
the use of very limited experimental data sets
for assessing the precision of their model pre-
dictions.

Health risk assessments of YOCs such as
TCE require a careful selection o the measure
of dcse. Areas under blood and tissue concen-
tration versus time curves have been advocated
as logical measures of target organ dose (An-
dersen, 1987). The most appropriate chemical
species to measure for TCE depends upon
which toxic effect is of interest. TCE appears
to be primarily responsible for CNS depression
and cardiac arthythmias, As it is unclear which
metabolite(s) should be used as dose measures,
or surrogates for TCE-induced cytotoxicity
and genicity/carcinogenicity, tht amount
of reactive intermediate (i e., toxicologically
effective dose) has been equated to the total

amount of TCE metabolized by the liver
{Bruckner ¢t al.. 1989). The NRC (1986) ap-
phied the PB-PK model of Ramscy and An-
dersen (1984) to calculate the toxicologically
effective dose formed in the liver of rats during
TCE inhalation exposure. Bogen (1988) has
more recently applied the model of Ramsey
and Andersen (1984) 1o predict relationships
between the administered dose and the toxi-
oolog'mlly active, or metabolized dose of TCE
in humans. Comprchens:vc TCE time-course
data sets, however, have not been available for
rigorous validation of model predictions. The
next logical step in this direction wiil be to
obtain TCE/metabolite tissue concentration
versus time data sets through direct measure-
ment studies.
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Volatile organic.chemicals (VOCs) are of concern to publi¢ health due to potential ;human exposures in both
an occupational setting during their manufacture and from rcsidcfntial exposure due to subsequent mntam"malion
of drinkipg'“;a(cr ‘supplies. The primary route to exposure ifi 'occupational cnvironments is by inhafation, and
until recently most prior interest in the health hazards of VOCs has beer by inhalation cxposure. Current
toxicological knowledge of volatile organics is thus Jargely based upon situations and experiments involving

inhalation exposures. In light of the increasing detection of these halocarbons in drinking water supplies in the
o ealens

_-United States (Symons et al, 1975, NOMS, 1977), there is ow considerable interest in thé toxicity of these

v -

contaminants following oral exposure.

1t is unclear, however, whether the results of inhafation studies can be used to accurately predict the
conscquences of ingestion of the chemicals. In one report (NAS, 1980), the usc of inhalation data was avoided
in making ri;k assessments of drinking water contaminants, with the reasoning that the disposition ad ensuing
biotffects of inhaled chemicals may differ markedly from that which occurs when the agents are ingested. It was
concluded that while inhalation studies may be of value from a quantitatively in predicting consequences of

of many chemicals. In contrast, the model by Stokinger and Woodward (1958) has been applicd to usc

)

inhalation data to derive adjusted acceptable daily intake (ADI) for scveral short-chain aliphatic halocarbon
VOCs (Federal Register, 1984). Unfortunately, there is a limited pharmacokinetic and toxicological data base
from which to judge the validity of such route to route extrapolations.

One VOC of particufar concern for potential oral and inhalation exposures in humans is the short-chain
halocarbon-1,1-dichlorocthylene (vinylidenc chloride, DCE). DCE is of intercst duc to a varicly of modes of
toxicity such as hepatotoxicity (Jenkins, ct al,, 1972, Reynolds et al,, 1975; Andersen et al., 1979), nephrotoxicity
(Jenkins and Andersen, 1978; NIP, 1982), and carcinogenicity in one study (Maltoni ct at,, 1977). DCE has been
measure at low levels (< 0.2 pg/liter) in well water and municipal drinking watcer supplics (U.S. EPA, 1975;
Shakelford and Keith, 1976), However, groundwater contamination has been detected at considerably higher
levels (Page, 1981; U.S, EPA, 1982), Comparable doscs of DCE have been administered to rats by inhalation
(McKcana ct al,, 1978a) and by gastric intubation (McKcnna ct al., 1978b). The question of influcnce of routes

of administration on tissue disposition was not addressed directly. Emphasis was placed on the rolcs of dosc and
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faﬁli;rg on metabolism, climination and toxicity, However, tissue levels were measured at only a single time-point
post exposure (i.c. 72 hours). 1,1-DCE has been shown to markedly alter calcium homeostasis in hepatocytes
of rats within 20 5 30 minutes of dosing (Moor, 1982; Luthra et al., 1984). Overt cytotoxicity has been obscrved
as carly as 2 hours, with maximal injury manifest within 4 to 8 hours of 1,1-DCE exposure by inhalation
(Reynolds et al., 1980) or by ingestion (Jacger et al,, 1973). Therefore, it is essential that the kinctics of DCE
l_x_:‘cji_ri_xpg.r‘gd between the two routes of administration during the critical early hours when cytotoxizity occurs.
. The approach utilized in the current study was to administer cquivalent doses of DCE orally and by
- o

inhalation in unanesthetized rats within the same time frame. Detailed physiologic measurements conducted
during DCE inhalation exposures Were used to determine the total uptake of DCE over time, accounting for the
significant respiratory elimination of the inhaled compound. An equivalent dose was then administered to rats
by single and multiple oral bolus dosing regimens and the systemic uptake, disposition, and climination of DCE
by the two administrative routes compared. A physiologically-based pharmacokinetic model for inhatation and
oral DCE exposures was validated by comparison to the observed data and evaluated for use in interroute

cxtrapolation of pharmacokinetic data.

MATERIALS AND METHODS

Animals.  Adult, male Spraguc-Dawley rats were obtained from Charles River Brecding Laboratorics
(Ralcigh, NC). The animals were maintaincd on a constant light-dark cycle, with light from 0700 to 1900 hr and
darkncss from 1900 to 0700 hr. They were housed in stainless-steel cages in a ventilated animal rack. Tap water
and Ralston Purina Formulab Chow were provided ad libitum. The rats were used after at least a 14-day
acclimation period, at which time their body weight ranged from 325-375 g. Solvent cxposurcs were initiated at
approximately the same time each day (1000 to 1200 hr).

Test matetial. 1,1-Dichlorocthylenc (DCE), of 9% purily, was obtained from Aldrich Chemical Co.
(Milwaukee, WI) and the purity verificd by gas chiomatography prior to usc in animal exposurcs.

Animal preparation. Al rats were surgically preparcd with an indwelling carotid arterial cannula, which

exited the animal at the back of the neck. The rats were ancsthetized for the surgical procedure by an injection
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Q of 08 mi/kg of a mixture consisting of ketamine HC1.(100 mg/sml): ac;‘?}oxhazige maleate (10 mg/ml):

e -~

xylazine HCL (20 mg/ml) in a proportion of 3:2:1 (). The cannulated animals were maintained in
metabolism’ cages with total freedom of movement during a.24-hr recovery period. “For animals requiring
intravenous ‘gdministralion, animals Were also prepated with an indwelling jugular cannula simultaneously with
the arterial cannula. For gastric infusion experiments, a ventral incision was made and‘a flared-tip cannula
iﬂiejlid_i‘g}p_thg fundus of the stomach simultancously with carotid artcrial surgery and exited through the same . .

.

. port as the arterial cannula,

— -

Inhalation_cxposures. A known concentration of the test chemical was generated within a 70-liter gas

sampling bag (Calibrated Instruments, Ardsley, NY) by injecting the appropriate quantity of the solvent into the
bag filled with air. Uniform dispersion of the vapor was insured by a magnetic stirring bar within the bag. The
bag was then connected in series by Teflon tubing with a preumotachograph, a miniaturized onc-way breathing
valve (Hans Rudolph, Inc. St. Liuis, MO), and an empty 70-1 gas collection bag. The latter bag served as a
(: reservoir to collect exhaled gas. The breathing valve was‘éltached to a face mask designed to fit the rat so that
the valve entry port was dircctly adjacent to the nares of the test animal, thus cstablisl;ing scparate and distinct
airways for the inhaled and exhaled breath streams. Inhalation and exhalation san:lpling ports were located

immediately adjacent to the breathing valve. A cannulated rat was placed into a restraining tube of the type used

in nosc-only inhalation exposure chambers (Battelle-Geneve, Switzerland) and the facc mask held firmly in place
on the animal’s head by the l;isc of clastic straps, which were sccured to the restraining tube. DCE inhalation
exposures werc initiated only after stable breathing patterns were established for the cannulated animals in the
system. The test animals then inhaled DCE vapors for a 2-hr period. During this exposure period and for up
to 3 hr afterward, inhaled and cxhaled breath samples were taken from the sampling ports at approximately the
same time as blood samples from the carotid artery cannula. Both air and blood samples were then analyzed
for DCE content by gas chromatography.

Respiratory measurements and calculations. The respiration of zach animal was continuously monitored
according to the methods previously published in solvent exposure studics by this laboratory (Dallas ct al., 1983

3
( and 1986). The auflow created by the animal’s inspiration was recorded both during and following DCE
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inhaiatiqn exposure in terms of minute volume (volume of respiration per minute, or V), respiratory rate (f),

and tidal volume (Vep). An average value for-these parameters for each individual animal was obtained by
'avcraging the measurements taken at 10-min intervals during the 2-hr exposure. The mean + SE of these
average values for the 100-ppm exposure group (n=6) were: VE 229.5 *.89 ml/min; f = 1362 + 29
breaths/min; and Vop = 1.7210.12 sul. The mean * SE of these average values for the 300 ppm exposure group

(n=8) were Vg = 2157 + 188 ml/min; £ = 1345 + 11.5 breaths/min; and Vo = 160 + 0.09 ml.

LI

s Calculations of DCE uptake and- elimination from inhalation exposure were conducted according to
“cquations presented in previous pharmacokinetic détermir;;lions of TRI inhalation in rats by this laboratory
(Dallas et al,, 1988). Since the Vg and the TCE exhaled breath concentrations at each sampling point were
measured, subtraction of the quantity of TCE exhaled from the animal from the amount inhaled yielded an
approximation of the quantity of uptake of TCE for each sampling period (cumulative uptake). In the
determination of the cumulative elimination of TCE during inhalation exposure, the cumulative uptake for cach
time interval was subtracted from the total inhaled dose for that interval. The percent uptake of the total inhaled
dose up to each successive time point during the inhalation exposure period was detcrmined by dividing the
cumulative uptake by the inhaled dose for that time period. . .

Qral and intravenous dosage regimens. The value for the total cumulative uptake achieved for a two hour
inhalation exposure was then used for the administration of an equivalent oral dose using three different
regimens. A single oral bolus of 30 mg/kg (cquivalent to 300 ppm DCE for 2 hr) and 10 mg/kg (cquivalent to
100 ppm for 2 hr) was thus administered to unanesthetized rats with an indwelling carotid arterial cannula. The
DCE was administered in an aqueous emulsion, Emulphor, intragastrically with a blunt-tipped intubation needle.
For the multiple oral bolus administrative regimen, the 10 and 30 mg/kg doscs were each subdivided into 4 cqual
doses and administered sequentially at 30-min intervals in Emulphor. For intragastric infusions, the animals
previously prepared with an intragastric cannula received the 10 or 30 mg/kg dose in Emulphor over a 2-hr
infusion period. The infusion was conducted using a microprocessor-controlicd P22 syringe infusion pump
(Harvard Apparatus, No. Natick, MA). The intravenous administration of DCE was conducted using the animals

previously preparcd with an indwelling jugular vein cannula. The intravenous doses were delivered as a single
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bolus in PEG 400 through the jugular cannula: Blood samples weré taken during and following the oral and iv
adminisiiation of DCE from the indwelling carotid arterial cannula.

Analysis of l‘JQ‘ E in-air and blood. The concentration of TCE in the inhaled and exhaled air during the

‘inhalation exposures were measured with a Tracor MT560 gas chromatograph (Tracor Instruments, Austin, TX)

using an electron capture detector (ECD). Air samples were procured with a gas-tight, 1-ml syringe and injected

dg‘qcxlz onto an 8-ft X 1/8-in stainless-stec! column packed with 0.1% AT 1000 on GraphPak. Standards were

. Prepared in each of four 9-liter standard bottles which have Teflon® stoppers containing needles used for taking
wE

——— -~

the air samples with the syringe. Operating temperatures were: 150°C, injection port; 360°C; ECD detector;
770°C, isothermal column operation. Gas flow rates were employed of 40 ml/min for nitrogen (carricr gas), with
an additional make-up gas flow rate to the detector of 30 ml/min.

DCE levels in the blood from inhalation an iv administration and the various oral dosing regimens were
measured by gas chromatographic headspace analysis. Blood samples were withdrawn from the arterial cannula
via a stopcock by a 1-ml syringe. Depending on the anticipated blood concentration, between 25 and 200 ul of
the blood was taken from the stopcock with an Eppendorf pipette and transferred to chilled headspace vials
(Perkin-Elmer, Norwalk, CT). These vials were capped immediately with PTEE lined butyle rubber scpta and
washers and tightly crimped. Each sample vial was then placed into the HS-6 autosampler unit of a SIGMA 300
gas chromatograph (Perkin-Elmer, Norwalk, CT), where it was heated to a presct tempcrature by a high
precision thermostat device. A precise volume of the vapor was then injected automatically into the column for
analysis. The column used was an 8-ft X 1/8 in stainless-steel column packed with FFAP Chromasorb W-AW
(80-100 mesh). Operating tempceratures were: 200°C, injection port; 360°C, ECD detector; and column oven,
70°C. The carrier gas was 5% argon-methanc, at a {low rate of 40 m{/min with a make-up gas flow rate to the

detector of 20 ml/min.

RESULTS
While 100 and 300 ppm were the target DCE inhalation concentrations, the actual concentration inhalcd

by the animals was determined by measurements of air samples taken from the airway immediately adjacent to
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' 3 the Brcaghing valve. Inhaled DCE concentrations for the six rats in cach group were 310.0 3.5 ppm for the '
300 ppm exposures and-101.6 + 0.8 ppm for the 100 ppi exposures.

During and followirig DCE inhalation, concentrations of the parent compound werc measured in the exhaled

breath (Fig. 1) and 100 ppm and 300 ppm exposed rats. Significant respiratory eliminations of unchanged DCE . N
was cvident during the inhalation exposure period, with steady-state DCE levels achieved in the exhaled breath 1
v‘:l‘f!ah'_ZO ) min at both dose levels. DCE 'sespiratory elimination was proportional to the inhaled concentration -
during , cxposure, as indicated by the exhaled breath values' duriué 30-120 min of the exposure period (near
steady-stat) of 71.6 & 4.1 ppm and 2046 & 93 ppm (x % SE) for the 100 and 300 ppm exposurc groups, i
respectively. Upon cessation of DCE inhalation, the concentration of DCE declined very rapidly in the expired
air of both exposure groups.
Measurements of the cumulative uptake of DCE by the rats (Fig. 2) was made by accounting for the quantity
of unchanged DCE that was exhaled during the inhalation exposure period. As a result of the 2-hr exposure to
& 100 ppm DCE the cumulative uptake was 3.3 1 0.3 mg (x £'SE), or 10 mg/kg bw. The total cumulative uptake
of DCE from the 2-hr exposure to 300 ppm was 10.2 £ 06 mg (x = SE), or 30 mg/kg bw. Percent uptake of
‘DCE during inhalation exposure was similar in magnitude at both exposure concentrations (Fig. 3). The %
uptake decreased rapidly in the first 30 min to a near-stcady state cquilibrium thereafter. Mcan valucs for %
uptake during the second hr of exposure (near-stady state) were between 61 and 66% for both dose groups.
The cumulative climination of DCE in the exhaled breath both during and following inhalation exposure
is shown in Fig. 4, During DCE exposure, the cumulative elimination is dependent on DCE in the blood and
on DCE eliminated {rom the alveolar and physiologic dead space that was not absorbed into the blood. The
magnitude of pulmonary elimination was proportional to the inhalation exposure concentration. By the cnd of
the 2-hr exposure to 100 and 300 ppm DCE, 2.2 = 0.2 and 6.1 =+ 1.3 mg (x * SE), respectively, were eliminated
from the rats in the exhaled breath, Following the termination of exposure, DCE that is climinated in the breath :

is solcly from unchanged DCE from the systemic circulation. During the 3-hr post-cxposure period, an additional

0.14 and 037 mg of DCE were climinated from the animals in the 100 and 300 ppm cxposure groups,

@ respectively. . i
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“Evaluation of the ratio of DCE congentration in the blood to DCE concentration in the exhaled breath over
the duration of the inhalation exposure is shown in Fig. 5. After the first few minutes of exposure, this ratio was
consistently highef for the 300-ppm-&xposed rats relative to the 100 ppm group, though the difference is slight
until the point at the termination of exposure (120 min.).
The arterial blood concentrations of DCE during and following inhalation exposure are compared to blood

ls;gl;; following equivalent oral doses using the. three-oral dosing regimens for a 300 ppm inhalation and 30

. ing/kg oral dose'(Figs. 6 a-c) and for a 100 ppm inhalation and 10 mg/kg oral dose (Fig. 7 a-c). After the
.t — -

initiation of inhalation exposure, substantial concentrations of DCE were found in the blood of all animals at
the first sampling time (2 min). Uptake of DCE following single or multiple oral bolus administration was very
rapid, as peak blood levels were achicved within 2 to 4 minutes of administration. Arterial DCE concentrations
were not proportional to the inhalation concentration. After the initial rapid uptake phase over the first 20
minutes of exposure, blood levels for the 300 ppm-cxposed rats were 4 to 5 times higher than DCE blood
concentrations of rats that received 100 ppm exposures. The x * SE for the blood concentrations from 30 to
120 min, during ncar-steady state, were 0.56 % 0.03 and 2.19 * 0.14 pg/ml for the 100 and 300 ppm exposuc
groaps, respectively. At the high dose, peak blood levels were approximately 4 to 5 times higher following single
oral bolus dosing than maximum blood levels (Cmax) achieved during the corresponding inhalation exposures
(Fig. 62). The maximum blood levels achieved during single oral bolus or gastric infusion administration were
also not proportional to the administered dose. As with the inhalation exposures, these blood values for the high
dose group were at least 4 to 5 times higher than for the low dose group for both oral administrative routes.
The Cmax achieved for the multiple bolus administration of 30 mg/kg (Fig. 6¢), however, was ncarly 9 timcs
more than that achicved following 10 mg/kg (Fig. 7c).

The AUC (arca-under-the-blood-concentration-time curve) for each of the groups administered DCE orally
was lower than the AUC seen for the rats inhalil}g an cquivalent DCE dosc by inhalation (Table 1), The AUC
values for the single bolus and gastric infusion groups were similar at both dosc levels (nearly identical for the

high dosc). These oral administration values were only 60-80% of the corresponding inhalation AUCs. The

bioavailability (F) of DCE was determined by the ratio of the AUC value of ‘each experimental group to the
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1} cori'éspoqding dose administered by intravenous administration. The high dose groups consistently had a higher

F thari the groups administéred the low dose of DCE by any of the exposure routes. At both the high and low by

A pos s

doscs, F was high€f for animals inhaling DCE than for orally administered rats,

The terminal elimination half-life (t¥5) was similar for both inhalation exposure concentrations. Following

a single oral bolus administration of DCE; the t4 was also similar to the corresponding inhalation exposure
concentration, The administration of DCE by gastric infusion, however, resulted in two to three-fold increases -
@" oy = v

in 14 felative to inhalation or single oral bolus DCE exposures. Apparent clearance and volume of distribution
— ~

did not vary significantly with inhalation exposure concentration. Both of these pharmacokinetic parameters,

however, were considerably lower for animals inhaling DCE than for the orally-administered rats.

DISCUSSION

Although there have been pharmacokinetic studies in which VOCs have been administered orally and by
inhalation, the experimental design of most of the studies has been such that the results are of limited utility in
q making route extrapolations. Pyykko et al. (1977), for example, monitored the uptake and elimination of 31
toluene in various tissues of rats for 24 hours after the animals were dosed by inhalation or gastric intubation.
As different doses of 3H-toluenc of different specific activity were given by each route of administration, no
conclusions could be drawn about the relative uptake of the chemical by the two exposure routes. Typically,
studics of the tissue disposition and binding of VOCs following inhalation and oral exposure involve oral
administration of the compound as a single oral bolus, while inhalation exposures occur over a 6-hour period.
As evidenced by this approach with perchloroethylene (Pegg ct al, 1979) and 1,2-dichlorocthane (Reitz ct al,,
1982), tissue concentrations and levels of covalently-bound H¢ are ofien measured only at a single time-point
post-exposure (i.c. 72 hours), The relevance of these practices to interroute extrapolations of kinctic VOC data
has thus been limited by questions of variations in thc administered dose, the time elapsed between dosing and

tissue analysis, and by the dissimilarity between the inhalation and oral dosing regimens.

Several approaches have been undertaken in the past in an attempt to utilize inhalation exposure data to

; @ estimate toxicity and acceptable levels of exposure to VOCs by ingestion. Some moderate correlations were
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gstal-)lish'cd in comparisons between inhalation LCgy data for single cxposures to individual chemicals and’
mixtures (Pozzani et al,, 1959). -Stokinger and Woodward (1958) utilized the threshold fimit value (TLV) for
human irhalation™of a chemical in workplacé air in an equation for deriving a value that would represent an
acceptable standard for ingestion exposure. Other variables incorporated were the retention, or absorption factor
(7% uptake), respiratory volume, and a safety (uncertainty) factor. An adaptation of this model fof applications

using animal inhalation data has becn employed for estimating safe drinking water Ievels of perchlorocthylene

. x(Olson and Gehring, 1976). The accurate determination of the absorption factor (% uptake) has been
v T— -~

recognized as essential to the extrapolation of dosages from inhalation data to the ingestion route (Khanna,
1983). It was pointed out that in previous interroute extrapolations, the absorption factor was cither estimated
based on physicochemical similarities with other agents, indirectly calculated from available-data, or even
unsupported by any rationale. In the present investigation, direct monitoripg of minute volume and the
magnitude of inhaled and exhaled DCE was utilized to determine the retention factorduring inhalation
exposures. This approach thus offers the advantage of dircct measurements of respiratory volumes, the inhaled
dosc, and the retention factors that were previously estimated on a more tenuous basis in most interroute
extrapolations. '

The total cumulative uptake of DCE during inhalation exposurcs was determined from these summated
measurements over time of the inhaled dose and the magnitude of pulmonary climination. Administration of
this amount as an equivalent oral dose to rats by several oral administrative routes reveled several differences
in pharmacokinetics between these cquivalent oral and inhalation cxposurcs. Pcak blood levels achicved after
single oral bolus administration of DCE were 3 times higher than for the corresponding inhalation dose. Under
the assumption that a minimum expression of certain kinds of acute toxicity for a chemical may require that a
threshold level is achieved at a target organ, this finding would appear to attribute relatively greater risk to the
oral bolus administration of DCE relative to the equivalent inhalation exposure. It is conceivable that a single
high dose might produce injury by exceeding the metabolic detoxification pathway for the animal, Following its
metabolic activation, DCE is inactivated by complexation with glutathione (Jones and Hathaway, 1978).

However, there is evidence that a single high dose of certain halocarbons may be less toxic than the cquivalent
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dose given oves a prolonged interval. Indeed, the findings of Chicec et al. (1981) suggest that this may be the
case for DCE. With a boiling point of oty 3LT°C (Merck, 1976), DCE i one of the most volatile halocn ons.

Together with its poor solibility in blood, this characteristic high volatiity keads 10 2 high sate. of cxhalation 25
a soute of climination'for DCE. It is thus conceivable that a large portion of a bolus dose of DCE would be
rapidly climinated by exbalation before GSH stores are depleted to result in cyfoloxicity. For inhalation

L35_4__.__qg)_1’>,c1;, b , it has Ix- 3 concluded that the metabolic capacity of rats to metabolize and
. 'e_'liminatiDCEmbccxcccdcd duxingconlinuousinhalaﬁonofiibppmormqrcofDCE(Dallasctal_,1983,
Filscr and Bolt, 1979). Thercfore, despite bigher peak bl(;od levels from th, .ingle oral bolus administration
relative to an equivalent inhalation dose, saturatioi of the metabolic capacity for DCE climination and the

subscquent increased risk for resulling toxicity may be more likely to oceur from the inhalation exposure.
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TABLE 1

A e e = 4o

,,,,, T R A S O T

e e e S T

Dose/Administrative Route AUC ¥ tVz Vyss ct
’ g min/ml (min) I/ﬁg (ml/¢

min)

A0 ppm Inbalation? 3041 0.58+ 5012 0.091 40
30 mg/kg Gastric Infusion? 2386 046 1/9.7 273 1258
30 mg/kg Single Oral Bolus 2395 ‘046 62.1 63- 1253
30 mg//kg Multiple Oral Bolus®

30 mg/kg Intravenous Bolus 5194 - 164.5 108 1368
-100 ppm Inhalation 29 036 556 0.11 552
10 mg/kg Gstric Infusion 45 021 1229 52 2412
10 mg/kg Single Oral Bolus 500 025 472 104 200
10 mg/kg Multiple Oral Bolusd

10 mg/kg Intravenous Bolus 202.6 - 105.7 6.82 494
a

All valuestare x = SD.
b

[

d

Inhalation and gastric infusion administrations were over 2 hr.

30 mg/kg multiple oral bolus administered as three 10 mg/kg bolus doses at 40 min intervals,

10 mg/kg multiple oral bolus administered as three 3.3 mg/kg bolus doses at 40 min intervals,
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Figure Legends -

‘1. Exbialed breath concentrations of DCE during and foilowing inhalation exposures. Rats inhaled 100 or 300
ppm DCE for 2 br. Each poin represents the mean * SE for 6 rats.
2. Cumulative uptake of DCE during inhalation exposures. Rats inhaled 100 or 300 ppm DCE for 2 hr. The
':).‘(!gqggirgy_of; inbaled DCE retained during successive 10-min intervals was calculated on the basis of the
? mcasured minute volume and diffcrénc: between inbaled and cxhaled DCE concentrations. Each point
‘ re}ntscnts the mean x SE for 6 rafs. )
3. Percent uptake of DCE during inhalation exposures. Rats inhaled 100 or 300 ppm DCE for 2 hr. Each

point represents the mean + SE for 6 rats. The percent uptake of the inhaled dose over time was

determined after 1, 3, 5, 10, 15, and 20 min and at-10-min intervals thercafter.

-

, Cumulative ¢limination of DCE during following inhalation exposures. Rats inhaled 100 or 200 ppm DCE
for 2 hr. The quantity of inhaled DCE eliminated i the breath over time was calculated using direct
measurements of the minute volume and DCE concentrations in the inhaled and exhaled breath. Each point
is the mean & SE for 6 rats. Cumulative climination was determincd fof successive 10-min intervals during

the 2-hr exposure, and for successive 15-min intervals post-exposure.

I

Ratio of the DCE arterial blood concentration to the DCE exhaled breath concentration at cach sampling
point during inhalation cxposure to DCE. Rats inhaled 100 or 300 ppm DCE for 2 hr, Each observed value
represents the mean ratio for 6 rats.

6. Comparison of DCE blood levels during and following 2 hr inhalation exposures to 300 ppm DCE with:
a) blood levels following a single oral bolus of 30 mg/kg; b) blood levels following four repeated oral bolus
administrations of 7.5 mg/kg cach at 30 min intervals; ¢) blood levels, during and following intragastric
infusion of 30 mg/kg over a 2 hr period. Each value represcnts the mecan x SE for 6 rats.

7. Comparison of DCE blood levels during and following 2 hr inhalation, exposurcs to 100 ppm DCE with:

a) blood levels following a single oral bolus of 10 mg/kg; b) blood levels following four repeated oral bolus

administrations of 2.5 mg/kg cach at 30 min intervals; ) blood levels during and following intragastric
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Footnotes

Research sponsqrcd by U.S. EPA Cooperative Agreement CR 812267 and the Air Force Office of Scientific
Research, Air Force Systems Command, USAF, und;P grant number AFOSR- 87-01248. The US
Government s authorized to reproduce and distribute reprints for Governmental purposes notwithstanding
any copyright notation thercon. This manuscript is submitted for publication with the understanding that

the US Government is authorized to reproduce and distribute reprints for Governmental purposes.
Presented at the 27th Annual Meeting of the Society of Toxicology, Dallas, TX, February, 1988.
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1,1-Dichloxoethylene (DCE) concentrations in the blood of
unanesthetized rats that have received a single oral bolus
administration of 10 mg/kg or 30 mg/kg DCE in emulphor. Blood
samples were taken from an indwelling carotid arterial cannula at 2
to 5 minute intervals during the rapid uptake phase-and at 15 to 60
minute intervals during the elimination phase. Each value
represents the.mean t SE for 6~8 rats,
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1,1-Trichloroethane (TRI) concentrations in the blood of
unanesthetized rats that have received a single oral bolus
administration of 6 mg/kg or 48 mg/kg TRI in emulphor. Blood
samples were taken from an indwelling ca;otid arterial cannula at 2
to 5 minute intervals during the rapid uptake phase and at 15 to 60
minute intervals thereafter. Each value represents the mean £ SE
for 6-8 rats.
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nnanesthetized rats that have received a single oral bolus
administration of 8 mg/kg or 76 mg/kG-TCE in emulphor.
samples were taken from an indwelling carotid arterial cannula at 2
to 5 minute-intervals during the rapid uptake phase and at 15 to 60

minute intervals thereafter.

for 6-8 rats.
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. ka=.05,F=5

time(min)

Observed (¢ ) and model-predicted (-) TRI concentrations in the
blood of rats that have received a single oral bolus administration
©f 6 mg/kg TRI in emulphor. In the physiologically-based
pharmacokinetic model used for the simulation of TRI ingestion, a
biocavailsbility of 0.5 and a Ka of 0.05 werz employed. Each
observed value is the mean for 8 rats.
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Cbsexved (¢ ) and model-predicted (-) TRI concentrations in the

-

A L)

blood of rats that have received a single oral bolus administration..

of 48 mg/kg TRI in emulphor. In the physiologically-based
pharmacokinetic model used for the simulation of TRI ingestion, a
biocavailability of 0.5 and a Ka of 0.05 were employed. Each
observed value is the mean.for 6 rats.

Figure 12
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1,1 DCE IN BLOOD (ug/mL)

0.10 4

0.01 +

5.00E-3, 4]

o—e 300 PPM
o—:0 100 PPM
MEAN + S.E.M(6)

T T T T T T T T 1

1 ! ..
30 60 90 120 150 180 210 240 270 390 330 360

TIME (MIN)

DCE concentrations in the blood of rats that have inhaled 100 or
300 ppm DCE for 2 hours. Levels of DCE were measured at 2 to 5

minute intervals during the rapid uptake phase (Quring exposure)
and the rapid elimination phase (irmediately following exposure)
and at 15 to 60 minute intexvals thereafter. Each value is the

mean ¥ SE for 6 rats. .
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DCE concentrations in the exhaled breath of rats that have inhaled
100 or 300 ppm DCE for 2 hours. YLevels of DCE were measured at 2
to 5 mihute intervals during the rapid uptake phase {(during
exposure), and the rapid elimination phase (1mmed1ately following
exposute) and at 15 to 60 minute intervals thereafter. Each value
is the mean % SE for 6 rats.
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Ratio of the DCE arterial blood concentration to the DCE exhaled
breath concentration at each sampling time point during inhalation
exposure to DCE. Rats inhaled 100 or 300 ppw DCE for 2 hr. Each
observed value represents the mean ratio for 6 rats.
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DURATION OF EXPOSURE(MIN)

Cumulative uptake of DCE during inhalation exposures.

Rats inha’ed
100 or 300 ppm DCE for 2 hr.

The quantity of inhaled DEC retained
during successive 10-min intervals was calculated on the basis of
the measured minute volume and difference betwsen inhaled and

exhaled TCE concentrations. Each point represents the mean * SE
for 6 rats.
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DURATION OF EXPOSURE (MIN)

Percent uptake of DCE during inhalation exposures. Rats inhaled

100 or 300 ppm DCE for 2 hr. Each point represents the mean * SE
for 6 rats. The percent uptake of the inhaled dose over time was
determined after 1, 3, 5, 10, and 20 min and at 10-min intervals

thereafter.

Figure 5
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Cumulative elimination of DCE during and following inhalation
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PHARMACOKINETIC DATA FOR INGESTED
TRI, TCE, AND DCE




TABLE I

PHARNMACOKINETIC PARAMETERS FOR 1,1-DICHLOROETHYLENE (DCE)
FOLLOWING SINGLE ORAL BOLUS ADMINISTRATION IN UNANESTHETIZED RATS

DOSE

30 mg/kg 10 mg/kg
@C-MAX
(UG/ML) 9.6 + 1.3 2.25 + 0.28
AUC
(UG.MIN/ML) 239 + 23.7 50.5. + 5.9
ELI.HALF-LIFE
(MIN) 55 t 4.6 50 + 3.6
APP .CLEARANCE
{ML/MIN/KG) 131 ¢ 12 216 + 23
APP.VOL,.DIST
{L/KG) 10.67 + 1.9 16.1 * 2.5

Values are the MEAN * SE for 6 to 8 rats,

@ DCE in arterial blood.

Table D-1
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TABLE II

PHARMACOKINETIC PARAMETERS FOR 1,1,1-TRICHLOROETHANE (TRI)
FOLLOWING SINGLE ORAL BOLUS ADMINISTRATION IN UNANESTHETIZED RATS

DOSE
48 mg/kg 6 mg/kg

@C- MAX

(UG/ML} 7+ 0.5 0.8 £ 0.07
AUC

(UG.MIN/ML) 646 * 35 64 + 6
ELI.UALF~LIFE
T (MIN) 115 + 7 112 + 4
APP.CLEARANCE

(ML/MIN/KG) 76 *+ 3.7 91.7 & 8,0
APP.VOL.DIST

(L/KG) 12.1 ¢ 1.7 19 ¢+ 0.9

Values are the MEAN % SE for 6 to 8 rats.

@ Concentration of TRI in arterial blood.

Table D-2
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TARLE 111

PHARMACOKINETIC PARAMETERS FOR TRICHLOPOETHYLENE (TCE)

FOLLOWING SINGLE ORAL BOLUS ADMINISTRATION IN UNANESTHETIZED PATS

DOSE
76 m3/kg 8 ng/kg

8Cc-MAX

(UG/HL) 7.7 £ 0.8 1.50 * 0.2

auc

(UG.MIN/NL) 936 & 72 42.5 ¢+ 2.8

ELI.UALF-LIFE

(n1m) 116 + 13 78 £ 1.6

APP .CLEARANCE

(ML/KIN/KG) 85.6 + B.6 181 ¢ 16

APP.VOL.DIST

(L/KG) 11.1 ¢ 1.0 21.7 * 4.3

Values are the MEAM t SE for 6 to 8 rats.

@ Concentration of TCE in arterial blood.

Table D-3
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APPENDIX E

STUDIES OF THE PHARMACOKINETIC OF PCE

1) During and following inhalation exposures in rats

2) Following oral administration in rats
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Parameters for the Physiclogical Pharmacokinetic
Model for PER in the Rat

Parameter Value
Alveolar Ventilation Rate (ml/min), Va 115.3 (50 ppm exposure]
101.4 (500 ppm exposure)
Inhaled Gas Concentration{mg/ml) ’ 0.351 (50 ppm exposurel
3.55 (500 ppm exposure)
Alveolar Mass Transfer Coefficient 500 ml/min
Blood Flows (ml/min)
Cardiac output, Qb 106.4
Fat, Qf 9.4
Liver, 034 39.8
¢ Muscle, Qm 12.8
Richly Perfused, Qr 44 .4
Tissue Volumes (ml)
Alveolar 2.0
Blood 25.4
Fat 30.5
‘ Liver 13.6
Lung 3.97
Muscle 248.0
Richly Perfused 15.2
Partition Coefficients
Lungs:Air 70.3
Fat:Blood 108,99
Liver:Blood 3.72
Muscle:Blood 1,058
Richly Perfused: Blood 3.72
Metabolism Constants
Vmax (ng/min) 5.86
Km (ng/ml) 2,938

Alveolar ventilation rates and inhaled concentrations were directly measured in
the laboratory. Compartmental volumes and organ blood flows were obtained from
Ramsey and Andersen (Toxicol. Appl. Phaumacol. 73:159-175,1984) and scaled to 340 g ,
the mean bw of rats in the present study. Partition coefficients and metabolism
constants were utilized fram Chen and Blancato (Pharmacokinetics in Risk Assessment,
Drinking Water and Health Vol. 8:369-390, 1987), 1he alveolar mass transfer
coefficient was based on the alveolar permeability-area product for methylene
chloride of Angelo and Pritchaxrd (Pharmacokinetics in Risk Assessment, Drinking Water
and Health Vol.8:254-264,1987).

Table E-1
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2 Chen et al.
ABSTRACT

Characterization .of the uptake, discrlbutio; and elimination of short-chain
aliphatic oxganic halocarbons requires a reliable measurement technique for
determining tissue concentrations. A head-space gas chromatographic method was
developed to measure halocarbon concentrations in liver, kidney, brain, heart,
lung, muscle, fat and blood. ,The method was evaluated using perchloroethylene
(PER), 1,1,1-trichloroethane (TRI), tetrachloroethane (TET), and
trichloroethylene (TCE). Approximately 1 gram of each tissue was injected with
PER, TET, TCE, or TRI to yield a theoretical concentration of &4 wug
halocarbon/gram tissue. Two homogenization procedures were evaluated: tissues
were homogenized in saline, followed by isooctane extraction; tissues were
homogenized in isooctane. Comparison of these two approaches for PER
demonstrated a significantly higher percent recovery with the isooctane
homogenization for most tissues. It was also observed that the aliquot volume
of the tissue homogenate plays an important role in the headspace technique, in
that greater than 30 ul aliquots could not be used. Percent recoveries ranged
from 80-100 % for the seven tissues and blood for each of the four test

chemicals.

Abbreviated title (running head). Determination of halocarbons in tissues

g,




3 Chen et al.
INTRODUCTION

Short-chain aliphatic haloczarbons are a class of volatile organic compounds
(V0Cs) of increasing interest due to their widespread occurrence as environmental
contaminants. Exposure to halocarbons can result in toxic injury in a number of
organs in animals and humans. Central nervous system (CNS) dysfunction results
from overexposure to most halocarbons’?, and this effect can be directly
correlated with the tissue concentration of the halocarbon in the brain®*.
‘Significant liver and kidney toxicity can be caused by some halocarbons®8, while
select agents in this chemical class are known carcinogens in various organ
systems’'8,

Pharmacokinetic studies of these chemicals are needed in order to evaluate
the uptake, disposition, and elimination of these contaminants after exposure.
There is a particular need for the measurement of halocarbons in the various
tissues where the agents accumulate and where toxic effects are known to occur.
Halocarbon analyses have been conducted in blood, exhaled breath, and tissues®!3,
The tissue measurements conducted in these studies, however, employed
radiolabelled halocarbons. Of course, these measurements do not delineate
between the parent compound to which the animal was exposed and potential
metabolites formed in the body following exposure. There is therefore a need
for a reliable and sensitive analytical procedure for directly determining the
concentrations of short-chain aliphatic halocarbons in the tissues of exposed
animals. A head-space gas chromatographic technique is described for analyzing
short-chain aliphatic halocarbons in animal tissues. Four representative
chemicals of this class of VOCs are employed, in order to demonstrate the utility

of the technique on chemicals with a variety of physicochemical properties.
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4 Chen et al.

MATERTIAL AND METHODS

Apparatus

1.

Gas chromatograph. Model 300 (Perkin-Elmer Co. Norwalk, CT)

Model 5890 (Hewlett-Packard Co. Avondale, PA)

Stainless-steel column. 6'x1/8" FFAP (Alltech Associates, Deerfield,
IL)

0V-17 (Alltech Associates, Deerfield, IL)

Centrifuge. RC2-B (Sorvall, Norwalk, CT)

IEC Centra-7r (International Equipment Company, Needham, MA)
Homogenizer. Janke & Kunkel, Ika-Werk, Ultra-Turrax SDT (Tekmar
Company, Cincinnati, OH)

Touch Mixer. Model 231 (OH)

Rubber septa (PTFE Coated Butyl Rubber), 8 ml vials, caps (Perkin-

Elmexr Co., Norwalk, CT)

Test Chemicals

1.

Perchloroethylene (PER). 99% purity (Aldrich Chemical Company Inc.
Milwaukee, WIS)

1,1,2,2, -tetrachloroethane (TET). 97% purity (Aldrich Company Inc.
Milwaukee, WIS)

1,1,1,-trichloroethane (TRI). (J.T.Baker Chemical Co. Phillipsburg,
NJ3)

Trichloroethylene (TCE). (J.T.Baker Chemical Co. Phillipsburg, NJ)
Isooctane. (J.T.Baker Chemical Co., Phillipsburg, NJ)

Ether,Anhydrous. (J.T.Baker Chemical Co. Phillipsburg, NJ) !
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5 Chen et al.
Test Animal
HMale-Sprague-Dawley rats. 325-375 grams (Charles River Laboratories,

Raleigh, NC)

Tissue Homogenization and Extraction Procedure

Animals (n~8) were anesthetized with ether. One ml blood samples were
withdrawn by closed cardiac puncture. From 0.5 to 1 gram each of liver, kidney,
Lrain. heart, lung, perirenal fat, and muscle were removed and placed on ice.
Four ul of PER, TET, TCE, and TRI were carefully injected into each tissue by
using a Hamilton microsyringe, so that a theoretical concentration of 4 ug/g was
obtained. Two homogenization approaches were evaluated using PER. In the saline
homogenization approach the tissues were immediately transferred after halocarbon
injection to previously chilled 20 ml glass vials containing 4 ml saline. The
tissues were then homogenized in saline. In the isooctane homogenization
approach, the tissues were immediately transferred after halocarbon injection to
previously chilled 20 ml glass vials containing 2 ml saline and 8 ml isooctane.
For both approaches, the tissue homogenizer was used to homogenize the samples
Samples were maintained on an ice bath at all times, including the homogenization
period. For TCE, TRI, and TET the approach employing only iscoctane
homogenization was used. Each tissue was homogenized for an established time
interval, specific to that tissue and minimized to lower volatilization of the
balocarbon during the procedure. Brain, liver, and fat were the most easily
homogenized, requiring only 3-4 sec. Kidney, lung and heart required 5-8 sec of
homogenization each. Muscle was the most difficult, requiring 20 seconds of
homogenization. All samples were vortexed for 30 seconds following

homogenization and centrifuged at 2700 rpm for 10 min at 4°C.
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6 Chen et al.

Homogenate Aliquot Volume
In order to study the effect of tissue homogenate volume on the linearity
of the concentration measurements, various aliquot volumes were employed in
transferring the tissue homogenate to the gas chromatography vials. A known
quantity of PER was injected into blood and the test tissues as described
previously. From 5 to 100 gl aliquots of the blood samples and homogenates of
the 7 tissues were withdrawn with a pipet and transferred to & ml headspace
vials. These vials were capped immediately with septa and a spring washer. Each
sample vial was then placed into the autosampler unit of the gas chromatograph

with an electron captvre detector.

Headspace Gas Chromatographic Technique

For all the experiments utilizing PER, the operating conditions were:
headspace sampler temperature, 90°C; injection port temperature, 200°C; column
temperature, 110°C; detector temperature, 400°C; column packing, 10% FFAP; flow
rate for Argon/Methane carrier gas, 60 ml/min. Operating conditions for TET were*
headspace sampler temperature, 100°C; injection port temperature, 200°C; column
temperature, 150°C; detector temperature, 400°C; column packing, 3% OV-17; flow
rate for Argon/Methane carrier gas, 60 ml/min. Operating conditions for TRI & TCE
were: headspace sampler temperature, 55°C; injection port temperature 150°C;
column temperature, 60°C, detector temperature, 400°C; column packing,3% SP 1000.
Except for the homogenate aliquot volume study, all measurements were made using
a 20 pl aliquot of the tissue homogenate in the 8 ml headspace vials.

Standard solutions were made and assayed by diluting a specified amount of
pure PER, TET, TCE, and TRI in isooctane. Standard curves for each chemical were

then generated each day that measurements were conducted.
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Statistics
Comparisons between the two homogenization procedures on the percent
recovery of PER in seven rat tissues and in blood were made using the Student’s

t Test. Values were considered significantly different at p < 0.05.

RESULTS

The results of the study on the effect of homogenate aliquot volume are

\shown for blood and 7 tissues injected with PER in Fig. 1-4. A very similar

pattern was found in all tissues studied. Concentration values were linear with
increasing aliquot volume only up to 25 pl (except heart, which was linear only
up to 20 pl). At 50 or 100 pl aliquot volumes, the concentration of PER in
tissue or blood did not increase over the values seen at lower aliquot volumes.

Comparison of the percent recovery obtained using the saline aud isooctane
homogenization approaches for PER analyses is given in Table 1. Percent recovery
of PER in kidney, fat, lung, muscle, and brain were significantly higher for the
isooctane homogenization relative to the saline homogenization. Differences
between the two approaches for liver, heact, and blood were not statistically
significant.

The isooctane homogenization epproach was used to determine the percent
recovery for PER, TET, TCE, and TRI (Table 2). Except for the percent recovery
of PER In lung and muscle, the recovery of TET was higher in all tissues relative
to the other three chemicals tested. Percent recovery of TCE was generally the
lowest of the four test chemicals with no mean recovery values exceeding 88% for
any tissue. Indeed, the lowest percent recovery for TET (fat) was greater than
the highest percent recovery for TCE (muscle). The mean petcent recoveries of

PER, TET, and TRI in fat were very similar (within 2%), while TCE fat recovery
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8 Chen et al.
was the lowest of any tissue group or chemical tested. The range in values for
percent recovery between the various tissues for each chemical was the smailest
for TRI (less than 6%), and the largest for PER (17.8%). The tissue with the
longest homogenization time, muscle, had the highest percent recovery of the
tissue groups for PER and TCE. The tissues with the shortest homogenization
times (liver, fat, and brain) did not appear to have lower percent recoveries
than the other non-muscle tissues within each chemical group.

.
DISCUSSION AND CONGCLUSIONS

A headspace gas chromatographic technique for determining the concentration
of halocarbons in tissues was developed that is reproducible and technically
feasible. A purge and trap technique was developed previously for measuring
tissue levels of the halocarbons 1,1- and 1,2-dichloroethylene!®. This techniq\ie
involved thermal desoxption of halocarbon from tissues within a purging device
and trapping on a Tenax column, with subsequent heat desorption on a gas
chromatograph, While that approach was sensitive and reproducible, it was
significantly labor intensive and time consuming. The procedure presented in
this paper was quite reproducible, while utilizing only a homogenization step and
the relative ease and speed of the headspace gas chromatographic approach.

A critical technical factor in the analysis was a limitation on the aliquot
volume that could be employed in the headspace vials. As standard curve
measurements were no longer linear to conceritrations above a 25p1 aliquot volume,
a 20 pl aliquot was selected for use in the method. In a comparison of the two
homogenization techniques, there was a statistically higher percent recovery for
most of the tissues using the isooctane homogenization relative to using saline.

It is possible that employing the saline homogenization in addition to the
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subsequent step of mixing with isooctane provided additional opportunity for
volatilization loss relative to the single step of homogenization in isooctane.

The applicability of this approach for a variety of halocarbons was
demonstrated by its use with four halocarbons of significant variation in
physicochemical properties. As would be expected, the relative volatility of the
test agent had an effect on the percent recovery by the method. The boiling
temperatures of TRI, TCE, PER, and TET arxe 74, 86.7, 121, and 140.7°C,
respectively!. The chemical with the highest boiling temperature, TET, also had
the highest percent recovery in most of the tissues relative to the other
chemicals tested. TET was therefore less 1likely to volatilize during the
homogenization procedure than TRI, TCE, oxr PER. Except for PER recovery in lung
and muscle, the other tissue recoveries did not appear to differ greatly between
these latter three chemicals, These two tissues had among the longest
homogenization times employed, so the lesser volatility of PER relative to TRI
and TCE was probably a factor in the increased recovery seen here.

The technique for measuring halocarbons in tissues should have a number of
useful applications. Most validations of the utility of physiologically-based
pharmacokinetic (PBPK) models to accurately predict the uptake and disposition
of halocarbons have utilized blood, exhaled breath, and metabolic parameters.
For instance, in the published validation of a PBPK model for TRI® the only
tissue Jdata the authors had to use were levels of radioactivity measured in the
liver and fat of mice at the termination of an inhalation exposure to *C-TRI,
Since these models are based on tissue compartments, this technique for directly
measuring the test compound in each tissue will be of significant bemefit in
verifying the predictions of these models. Comparison of these direct

determinations of the present compound in tissues with previous studies of

L e ek e A
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10 Chen et al.
radiolabelled chemicals may provide valuable insight into the rate and magnitude
of metabolite formation from these compounds. Correlation of the measurement of
chemical in target organs with the subsequent toxicity will also be useful in

establishing dose response relationships for halocarbons at the organ level.
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Table 1

Effect of Homogenization Procedure on Percent Recovery of PER
(mean * SE)

Saline Homogenization Isooctane Homogenization
Liver 95.5 £ 9.9 89.6 £ 3.1
Kidney 69.0 £ 4.9** 86.7 + 1.4™°
Fat 73.8 £ 4.9 88.2 £ 2.7°
Heart 75.8 £ 10.3 81.2 £ 1.2
Lung 78.8 £ 7.1* 99.1 % 2.3*
Muscle 80.3 + 6.3* 98.5 £ 2.9°
Brain 72.3 £ 5.7* 88.6 £ 2.0%
Blood 104.8 £ 5.5 95.4 + 4.1
Statistically significant difference between procedures at p < 0.05.
** Statistically significant difference between procedures at p < 0.01.
*** statistically significant difference between procedures at p < 0.001.
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Fig. 1

Fig. 4

15 Chen et al.
Effect of aliquot volume on PER concentration linearity for liver and
kidney tissue samples. Aliquot voluzes of 5, 10, 20, 25, 50, and 100
pl were withdrawn from the organic phase of the tissue homogenate and

analyzed.

Effect of aliquot volume on PER concentration linearity for heart and
lung tissue samples. Aliquot volumes of 5, 10, 20, 25, 50, and 100 gl
vere withdrawn from the organic phase of the tissue homogenate and

analyzed.

Effect of aliquot volume on PER concentration linearity for brain and
muscle tissue samples. Aliquot volumes of 5, 10, 20, 25, 50, and 100
#l were withdrawn from the organic phase of the tissue homogenate and

analyzed.

Effect of aliquot volume on PER concentration linearity for fat and
blood tissue samples. Aliquot volumes of 5, 10, 20, 25, 50, and 100 nl
were withdrawn from the organic phase of the tissue homogenate and

analyzed.
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APPENDIX G

N e s oA

! STUDIES OF THE TISSUE UPTAKE, DISPOSITION, AND

ELIMINATION OF PCE IN RATS

1) Following intraarterial administration

! 2) Following oral administration
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PHARMACOKINETIC PARAMETERS
OBSERVED TISSUE CONCENTRATIONS

PER IA ADMINISTRATION (10mg/kg)

TISSUE AUC % Corae
{rgmin/g) (hrs) {ra/g)
LIVER 2367 6.6 25.57
KIDNEY 2191 6.6 22.55
FAT 66962 7.7 66.98
HEART 1411 741 15.26
LUNG 1181 7.7 10.70
« MUSCLE 1658 7.3 9.01
BRAIN 2354 6.7 25,21
BLOOD 555 7.8 5.48
PER INHALATION EXFOSURE (500ppm/2hrs)
TISSUE AUC s Crx
{(ngmin/g) (hrs) {(ng/q)
LIVER 32796 7.7 155,60
KIDNEY 27123 7.5 109.37
FAT 1545750 9.6 1567.54
HEART 24264 5.5 109.67
LUNG 19697 7.0 98.38
MUSCLE 26130 7.0 91.13
BRAIN 34450 6.9 177.42
BLOOD 9062 5.6 47.13
Table G-1
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PHARMACOKINETIC PARBMETERS
"PER ORAL ADMINISTRATION

(10 mg/kg) ,

AUC TL/2 Cmax Tmax Relative
p-min/g minutes pg/g minutes Bioavailability

LIVER
KIDNEY
FAT
HEART

. "LUNG
MUSCLE
BRAIN
BLOOD

1969 266  13.8 'f 10 0.83
1287 333 6.2 10 0.59
50271 452 44.4 360 0.75
931 325 3.1 15 0.66 -

732 326 2.3 60 0.62
1120 303 2.4 60 0.68
1599 300 5.6 15 n 0.68
1.1 15 - 0.67

372 344

Tsble G2




Table G-3

s 3
PHARMACOKINETIC PARAMETERS
PER IA ADMINISTRATION.
(10 mg/kg)
AUC T1/2 " Cmax Tmax
pg-min/g  minutes Lrg/9g minutes
LIVER 2367 | 308 25.6 15
KIDNEY 2191 399 .22.6 10 _
FAT 66962 463 67.0 60
HEART 1411 429 15.3 15
LUNG 1181 462 10.7 15
MUSCLE 1658 439 . 6.0 15
BRAIN 2354 407 25.2 15
C BLOOD 555 472 5.5 15
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PER CONCENTRATION (ug/q TISSUE)

TISSUE DISTRIBUTION OF PER IN LIVER, KIDNEY AND BRAIN
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PER CONCENTRATION (ug/g TISSUE)

TISSUE DISTRIBUTION OF PER IN HEART, LUNGS AND MUSCLE
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APPENDIX H

STUDIES OF THE TISSUE UPTAKE, DISPOSITION,
AND ELIMINATION OF TET 'IN RATS

1) Following intraatterial administration

2) Following oral administration
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PHARMACOKI NETIC PARAMETERS

TV

v

[ ———

OF INTRHRRTEQIHL‘RDHINISTRHTXON €10 MG/KG)

AuC T2 Cmax Tmax cL vd

ug.min/g min hrs ug/g min ml.min/kg L/7kg
LIVER 794.25 97.97 1.63 19.99 5.00 12.59 1.78
KIDNEY 829.77 93.69 1.56 26.07 S5.00 12.0S 1.63 .
FAT 10277.20 164.04 2:73 65.02 60.00 0.97 0.23
HEART 650.50 105.71 1.76 21.686 5.00 15.37 2.34
LUNG 400.87 89.63 1.49 8.46 .00 24.95 3.23
HUSPLE 391.06 106.0S 1.77 4.66 5.00 26,24 4.02 *
BRAIN $19.96 83.87 1.40 12.85 5.00 19.23 2.33 .
BLOOD 248.32 70.47 1.17 5.54 S$.00 40.27 4.10
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PHARHMACOKINETIC PARAMETERS OF ORAL ADMINISTRATION <10 MG/KG>

Auc T1/2" Cmax Tmax cL Vd

ug.min/g min hrs ug/g min ml.min/kg L/kg

LIVER 209.95 -61.93 1.03 4.83 15.00 34.49 3.08
KIDNEY 131.15 63.61 1.06 1.79 15.00 76.25 7.00
FAT 2108.26 215.97 3.60 6.07 30.00 4.74 1.489
HEART 111.629 65.758 1.10 1.83 15.00 89.58 8.50
LUNG ?7.79 40.98 0.82 1.37 30.00 128.5% 9.09
MUSCLE 75.156 91.14 1.52 .81 15.00 133.06 17.50
BRHH‘{ 116.347 71.49 1.19 1.65 15.00 85.95 8.87
BLO0D 65.54 58.567 0.98 1.02 15.00 152.589 12.089

Table H-2
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APPENDIX I

INTERSPECIES COMPARISONS OF
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PER CONCENTRATION (zg,/ml BLOOD )

INTERSPECIES PHARMACOKINETIC COMPARISON
ORAL ADMINISTRATION (10 MG/KG)
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PER 3 HG/KG PHARMACOKIHETIC PARAHMETERS PO & IR ADHINISTRATION FOR RATS & DOGS

auc Ti/2 Cmax Tmax cL vd
’ ug.min/ml min. brs. ug/mi min. ml.min/kg L/kg
RATS PO 185.973 971.563 16.193 0.462 25.000 16.348 23.20S
* DOGS PO 228.038 1437.245 23.954 1.208 15 13.78S 28.2
( RATS n 154.108 642.092 10.702 4.40S 3.23 20.2S6 18.276
DOGS 1A 206.993 1472.203 24.537 4.020 2.75 14.672 31.82
@ Table I-1
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APPENDIX J

INTERSPECIES COMPARISONS OF THE
PHARMACOKINETICS OF TET
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INTERSPECIES PHARMACOKINETIC COMPARISON
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APEENDIX K

PHYSIOLOGICALLY-BASED PHARMACOKINETIC MODEL
SIMULATIONS OF THE UPTAKE, DISPOSITION,
AND ELIMINATION OF INHALED AND
-INGESTED HALOCARBONS
(also see Appendix A, B, and E)
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Differential equation system : ! |
Non-climinating organs; g 1 l
dc; . !
V—==0,(Cr~ €
i dt Qi( T 1 )
where i= H; BR; K; M; R; F
arterial blood
dCy,
VBL dt QT( BL)
lung
dc,
VigE=0r(Cp R" ) +h(C, ——é)
liver
v Cui
dac C "R
gttt - |
LI km+ Li .
Li :
alveloar space {
i/ intmmcxial administration
" dCy, :
i ges h( c,.) VR,C, |
ii./  inhalation
dac, i
Vi—= qr —VRACM p(t) - VRACA+]1( -C,) ¥
if t< =120 min u()=1 else u())=0 ;
venous blood s g
dCV
e EQ‘R Q"RL N
; B
A
where i=H; BR; Li; K; M; F; R %‘u;‘
e e e e e e s et o e i e et e e e o e e v memeinne .E\.Aig_v - L




Calculation of partition coefficients from intraarterial data

‘ Ry and R, arc taken from [1]
. The part. coeff. of nonehnnnanng compartments (except the fung) are calculated
f according to [2):
_ AUC;
1 Aucy,

where i=H; BR; K; R; F
Ry is calculated integrating the differential equation of arterial bldod:

dCBL fc dt .
f Var—2k dt= QT(——— [ CprdE)

{ C

AU
VprCor=Dose=0.( —%-AUC,;)

AU

L™ pace .
Dose , auc,,
Qr

References

‘(11  Dallas,C.E. et al.: The Uptake and Elimination of 1,1,1-Trichloroethane during
and following Inhalation Exposures in Rats, Toxicol,Appl.Pharmacol. 98,
385-397 (1989).

2]  GalloJ.M. et al.: Area Method for the estimation of Partition Coefficient for
Physiological Pharmacokinetic Parameters, J.Pharmacokin. Biopharm. 15,271-280

@ (1987).
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Rgis calculaled from the differential equation of the liver

Definitions:

p B 2
P AUCy = [CoiCudt: AUC,=[CHde;  [cd =_cz_
[} [

the differential equation of the liver:

dac,; Cri VuCri
VLI dt QLI( BL R ) ‘k mRLI + CLj
rearranging gives:
’ dc,; dcy;

ViskaR s~ + Vi CuTg"- =

Cri Cu
'Qt.kaRu Cor+0Q:4CriCor~QriKnRyy RL "Qm =VaCls

integrating from O to infinity:

¢t
< 0=VyikaRyy [Crgl 54+ Vi [ 15=

=Qp 1 KRy AUC +Qp ;AUCE 1.~

AUC'
=0,k AUCy =0y g 2L

~V;AUC,;

after rearranging:
0=RE;0Qp ik, AUCp, +
+Rp 1 (Qp;AUC 4p;~ Q11K AUCL -V, AUC, -
-0, AUC, ;2

solving the equation:
a=Q; kAUCy,

b=Q; ;AUC} 45~ Q1 1K, AUC, ;- V,AUC 4

q c=-0Q, ,AUC; ;2

-bsy/b3-4ac
Ry ;=

2a
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PHARMACOKINETIC PARAMETERS
PER INHALATION ROMINISTRATION
(2500 ppw =799 mg/kg)

AUC T1/2 Cmax Tmax

) ug.min/g “min. hrs. vg/g min.

¥ LIVER 82945 461 7.68 292.72 1
KIONEY . 75314 455  7.58 185.18 15

Fat 397943  798.8  12.31 3696.36 120

HEART 72732, 475 7.9z 197.99 15

: LUNG 57251 465 7.75  147.73 15

HUSCLE 61027 455  7.560  108.86 60

BRAIN 83089 4s1 7.52  224.12 15

BLOOD 29034 441 7.85  56.89 15

Table K-1
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PHARMACOKINETIC PARAMETERS N :

PER INHALATION ADMINISTRATION : E

(S00 ppm =165 mg/kg) 3

. ¢

auc Ti/2 Cmax Tmax

ug.min/g min. hrs. ug/g min. x

- 3

LIVER 31247 423 7.05 152.40 15 ;

KIDNEY 25868 425 7.08  107.52 15 H

FAT 1493190 578 9.63 1536.30 240 §

HEART 29179 328 5.47  106.60 15

LUNG 18596 406 '6.77  94.55 15 :

MUSCLE 24458 335 5.59  67.31 15 ;

BRAIN 32975 4SS 7.58 173.89 15 ;
BLOCD 8464 322 5.37  44.99 15
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PER CONCENTRATION (ug/q TISSUE)

TISSUE DISTRIBUTION OF PER IN LUNG
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PER CONCENTRATION (ua/q TISSUE)

TISSUE DISTRIBUTION OF PER IN MUSCLE
AITER 2 HOURS EXPOSURE
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PER CONCENTRATION (ug/g TISSUE)

TISSUE DISTRIBUTION OF PER IN BRAIN
AFTER 2 HOURS EXPOSURE
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TISSUE CONCENTRATION OF PER IN KIDNEY
, 1A ADMINISTRATION (10 mg/kg)
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TISSUE CONCENTRATION OF PER IN FAT
1A ADMINISTRATION: (10 mg/kg)
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TISSUE CONCENTRATION OF .PER IN HEART
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T ' TISSUE CONCENTRATION OF PER IN MUSCLE
1A ADMINISTRATION (10 mg/kg)
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TISSUE CONGENTRATION OF PER IN BLOOD
IA ADMINISTRATION (10 mg/kg)
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TISSUE CONCENTRATION OF PER IN LIVER
DURING AND FOLLOWING 500 ppm PER INHALATION FOR 2 HOURS
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TISSUE CONCENTRATION OF PER IN LUNG
DURING AND FOLLOWING 560 ppm PER INHALATION FOR 2 HOL"%S
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TISSUE CONCENTRATION OF PER IN BRAIN
DURING AND FOLLOWING 500 ppm PER INHALATION FOR 2 HOURS
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Simulation of PER tissue concentrations

The physiologically-based pharmacokinetic model for PER is taken from [1] with two major

differences:

a/  the climination from the fiver is not linear but Michealis-Menten type,

b the richly perfused compartment is divided into four compartments; heart, kidney,

brain and richly perfused.

The subscripts in the model and in the other part of the text are as follows:

H - heart
K - Kdney
R - richly perfused

F - fat
A - alveolar space
BL - arterial blood

Constants of the model for 339 g rat

Blood fTows (ml/min)
Q = 104.4 Qu =
z Qe = 125 X =
Qe = 15.66 Qu =
Q = 9.4 Q =
Tissue volumes (ml)
Vy = 25.32 Vg =
Vo = 0.98 Vg =
Vi = 224113 Vy =
Vg = 1356 Vv, =
v, = 1.9
Alveolar ventillation rate VR,
Lung-alveolar mass transfer coeff. h
Michaelis-Menten constants X
vl
Dose D

Richly perf.:Blood part. coeff. Ry
Lung:Air partition coefficient R

€

BR -

e I ol nid

3.03
18.27
26.73 -

brain

muscle

liver

lung

venous blood
total (blood)

30.06 (different from [1) to satisfy Q)

L7
3.19
1109
3017

a8 nuan

Table K-3

140 mV/min
500  ml/min
2.9378 ug/min
5.86 ug/ml

33%0 ug

3.72 (from [1))
70.3

S e s
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APPENDIX L

MEASUREMENTS OF THE NEUROBEHAVIORAL
TOXICLTY OF HALOCARBONS
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APPENDIX H

Cuzulative and Chronological List of Research Papers
and Abstracts

Dallas, C.E., Ramanathan, R., Gallo, J.H., Dallas, C.E., and Bruckner,
J.v. "Comparative pharmacokinetics of inhaled and ingested 1,1-
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J.V. "Tissue disposition of ingested perchloroethylene (PER) in rats.”
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J.V. =Physiological pharmacokinetic modeling of inhaled trichloroethylene
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Dallas, C.E., Gallo, J.M., Chen, X.M., Muralidhara, S., O’Barr, K., and
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